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 ABSTRACT 
Biological processes are increasingly used for treatment of air streams 
contaminated by biodegradable volatile organic compounds (VOCs).  The research 
described in this dissertation involves systematic investigation of various facets of 
applying biological processes dominated by fungi to remove mixtures of VOCs 
representative of emissions from paint application and manufacturing. Screening studies 
were first conducted to assess the ability of multiple fungal species to degrade various 
industrially important VOCs. In the following phases of the research, studies were 
conducted to evaluate performance of laboratory-scale bioreactors inoculated with fungi 
for treatment of mixtures of VOCs representative of emissions from paint spray booths 
and reformulated paint manufacturing under various steady loading and discontinuous 
loading conditions. The performance of biofilters operated at neutral and low pH 
conditions treating simulated off-gas generated from manufacture of reformulated paint 
were also evaluated. Finally, the relative contribution of fungi and bacteria to toluene 
degradation in biofilters was investigated.  
Experimental results indicate that fungal consortia are capable of biodegrading a 
wide range of VOCs including esters, ketones, and aromatic hydrocarbons. A biofilter 
inoculated with a pure fungal culture provided promising VOC treatment performance 
under both continuous and discontinuous loading conditions. Substrate competition or 
inhibition occurred in the biofilter when loaded with a VOC mixture with ketones 
preferentially utilized relative to aromatic hydrocarbons. When inoculated with compost-
derived enrichment cultures, both neutral and low pH biofilters successfully removed 
 xiii
hazardous air pollutants combined with high loading of acetone present in a synthetic 
waste gas stream intended to simulate off gas emitted from manufacture of reformulated 
paint. Large quantities of fungal biomass developed over time in biofilters operated at 
neutral and low pH following inoculation with undefined mixed enrichment cultures 
derived from compost. Biofilters subjected to intermittent loading (8 ht/day) during 
startup reached high removal efficiency relatively slowly in comparison to these 
subjected to continuous loading during startup. Experimental results also demonstrated 
that fungi played an important role in toluene biodegradation in neutral pH biofilters 
inoculated with an undefined mixed culture. Maximum toluene elimination capacity 
decreased significantly after fungi were inhibited by antibiotics, while performance was 
essentially unchanged when bacterial inhibiters were added. 
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CHAPTER 1. INTRODUCTION 
 
1.1 VOC Emissions 
 
It is widely recognized that excessive emission of volatile organic compounds 
(VOCs) to the atmosphere can cause adverse impacts. Some VOCs directly cause short-
term or long-term adverse health effects such as respiratory system irritation, nervous 
disorders, and increased risk of cancer (ALA et al., 1994). In the U.S., many VOCs are 
found on the list of the Hazardous Air Pollutants (HAPs), sometimes referred to as “air 
toxics,” and 189 such compounds are subject to National Emission Standards for 
Hazardous Air Pollutants (NESHAPs) which is legally defined by the U.S. Environmental 
Protection Agency (EPA) as directed by the 1990 Clean Air Act Amendments (CAA) (US 
EPA, 2000).  
 In industrial processes sources, over 60% of total VOC emission generated from 
solvent utilization based on the data published by EPA (US EPA, 2003). Paint 
manufacturing, paint and surface coating operations are major solvent utilizations. 
Recently proposed or promulgated regulations impose new limits on VOC emissions from 
painting operations including those associated with manufacturing automobiles (US EPA, 
2002a), metal furniture (US EPA, 2002b), large appliances (US EPA, 2001), and 
miscellaneous metal parts (US EPA, 2002c). Implementation of these regulations is are 
expected to increase the need for cost-effective and reliable air pollution control 
technologies that can remove gas-phase contaminants associated with painting operations. 
Table 1.1 summarizes some major compounds in VOC emissions from paint 
manufacturing and paint spray booth applications. 
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Table 1.1 Major compounds in main industrial VOC emission source**. 
VOC and HAP Paint Operation Off-gas Paint Manufacturing Off-
gas 
 
Alcohols and 
Ester 
Butyl, ethyl, isopropyl 
alcohol, 
 n-Butyl acetate, 
 Ethyl 3-ethoxypropionate,  
1-Butanol,  
2-Butoxyethanol, 
 2-Butoxyethanol acetate, 
Diethylene glycol 
monobutyl ether 
Ethanol, Isobutyl alcohol, 
Methanol*,  
1-Butanol 
 
Ketones 
Methyl ethyl ketone*,  
Methyl propyl ketone,  
Methyl isobutyl ketone*,  
Methyl amyl ketone* 
Acetone, 
 Methyl ethyl ketone*,  
Methyl isobutyl ketone*,  
Methyl butyl ketone,  
Methyl propyl ketone  
 
Aromatic 
Compounds 
Toluene*, 
 m-Xylene*,  
p-Xylene*, 
o-Xylene* 
Benzene*,  
Toluene*,  
Ehtylbenzene*,  
m-Xylene*,  
p-Xylene*,  
o-Xylene* 
 
Other 
Hydrocarbon 
2-Pentanone,  
 
Methane,  
l-Butane 
*Hazardous air pollutant 
** Data obtained from Smith and Brown (1993), Kazenski and Kinney (2000), Kim et al. 
(2000), Boswell et al. (2001), Song et al. (2002), Park et al. (2002).  
 
1.2 Biofiltration for Industrial VOC Emission Control  
A variety of air pollution control (APC) technologies, including adsorption, 
absorption, thermal oxidation, catalytic oxidation, and chemical scrubbing, are technically 
capable of recovering or destroying VOCs and HAPs from industrial emissions. However, 
applications of these conventional APC technologies are generally have disadvantages in 
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treatment of dilute industrial VOC emissions. Thermal oxidation of large volumetric flow 
contaminated air streams is prohibitively generally quite expensive because the low 
concentration of VOCs in most industrial waste air streams will not produce sufficient heat 
for self-incineration, and thus considerable input of supplemental fuel is required. In the 
cases where chlorinated organics or sulfides are present, catalytic oxidation may be 
hampered by catalyst poisoning. Adsorption (e.g., to activated carbon) accumulates VOCs 
in a secondary waste form (e.g., spent activated carbon) that requies disposal or a 
secondary treatment processes (Devinny et al., 1999). Biological treatment processes, the 
most common of which is referred to as “biofiltration’,  have gained increased attention in 
recent years due to its low operation and maintenance costs, potential for high contaminant 
removal efficiency, safety, and lack of harmful byproducts.  
In the overall process of biofiltration, contaminated gases are humidified and then 
vented through beds packed with solid media that support a biologically active layer.  As 
gases flow through the support medium and past the biofilm, contaminants partition from 
the gas phase into the aqueous and solid phases (e.g., support medium and biofilm) where 
microorganisms can biodegrade the contaminants into innocuous products such as carbon 
dioxide, water, and cell mass. Microorganisms able to metabolize the air contaminants 
thrive in a biofilm that accumulates on the surface of the biofilter packing material as the 
microbial culture grows.  The key components of biofilter are packing media, the 
microorganisms attached on the media a blower to move air through the biofilter bed and 
past the biofilm and a humidification system. Important operational parameters, each of 
which can significantly impact microbial growth, include moisture content, contaminant, 
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loading rate, nutrient concentrations, pH levels, temperature, and oxygen concentration. 
Biofiltration is a promising control technology for processes that emit large off-gas flow 
volumes with relatively low contaminant concentrations (Leson and Winer, 1991; 
Deshusses, 1997; Devinny et al., 1999). 
Although biofiltration is increasingly being applied as an APC technology for HAP 
treatment, it has been used for several decades to achieve odor control at facilities 
dedicated to treatment of wastewater, solid waste processing, composting operations, 
animal rendering plants, and breweries.  The first reported  use of biological methods to 
treat odorous compounds, for example, those emitted from wastewater treatment plants, 
was as early as mid-1950s (Pomery, 1963; Leson and Winer, 1991).  Since the 1970s, 
employing biofiltration to clean contaminated air has been widely and successfully used in 
Germany.  Since the 1980s, biofiltration has increasingly been used in Germany and the 
Netherlands to control VOCs and air toxics emitted from industrial facilities.  Biofiltration 
was not as widespread in the U.S. until the 1990s due to of a lack of regulatory 
requirements for VOC control and relatively inexpensive energy costs (Leson and Winer, 
1991; Reynolds and Grafton, 1999). By the end of the 1990s, research on biofiltration 
increased markedly both in the US and abroad, and a wide range of gas-phase 
contaminants were tested for treatment by biofiltration.  Applications have ranged from 
treatment of simple single-compound contaminated gas streams, such as those containing 
methanol, to complex mixtures of compounds, such as BTEX (Shareefdeen et al., 1993; 
Corsi and Seed, 1995; Kim, 1997). Successful removal of VOCs in a biofilter is obviously 
dependent on the presence of a microbial population capable of biodegrading the 
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contaminants of concern (Leson and Winer, 1991; Medina et al. 1995).  Many of the 
VOCs emitted by industrial facilities that are subjected to regulatory standards are readily 
biodegradable.  Biofilters have successfully treated alcohols, ethers, aldehydes, ketones, 
monocylcic aromatics, organic amines, and sulfides released from industrial and municipal 
sources (Leson and Winer, 1991; Deshusses and Johnson, 2000).  The predominant 
microorganisms in biofilters treating VOCs are heterotrophs, mainly bacteria and fungi, 
which typically degrade VOCs either as primary substrates or as cometabolites.   
Biofiltration is an attractive alternative to many industrial APC technologies. In 
addition of working well on large volumetric flow gas streams contaminated by low 
contaminant concentration, this technology generally requires less energy, and has lower 
capital and operating costs, thus offering economic advantages (Deshusses, 1997; Devinny 
et al., 1999).   
1.3 VOC Degradation by Fungi 
Types of microorganisms involved in the degradation of pollutants in biofilters 
include bacteria, actinomycetes, fungi, and higher organisms (Deshusses, 1997). The major 
part of microbial population in biofilters is made up of heterotrophic microorganisms 
(Kircher et al., 1989). Most biofiltration applications to date have contained undefined 
mixed cultures of microorganisms generally thought being comprised primarily of bacteria 
because of the innocculum source utilized and buffering near neutral pH (Devinny et al., 
1999; van Groenestijn et al., 2001).  Use of fungi may offer advantages in biofilter 
operation because of their ability to tolerate low pH conditions and fluctuating moisture 
conditions. Additionally, it has been hypothesized that the aerial mycelia of fungi, which 
 6
are in direct contact with the gas phase, can take up hydrophobic compounds faster than 
flat aqueous bacterial biofilm surfaces (van Groenestijn and Liu, 2002).   
Fungi have been traditionally divided into six taxonomic divisions: Zygomycota, 
Ascomycota, Basidiomycota, Chytridiomycetes, Oomycota, and Myxomycetes (Jennings 
and Lysek, 1999). Most fungi found in biofilters belong to Ascomycota and Basidiomycota. 
Fungi are heterotrophic. Fungi feed by sorption of nutrients from the environment around 
them. Fungal hyphae secrete digestive enzymes that break down substrates, making it 
easier for fungi to absorb nutrients. This filamentous growth means that the fungus is in 
intimate contact with its surroundings. The hyphae net produced by some species has very 
large surface area compared to its volume, which facilitates diffusion of nutrients into the 
hyphae easier (Moore-Landecher, 1982). Most fungi are mesophilic, growing within the 
temperature range of 10-35 oC, although with different tolerances within this range, and 
with optima between 20 and 45 oC (Deacon, 1997). In buffered culture media, many fungi 
grow well when initial pH of the culture is in the range of 4 – 7 (Griffin, 1994). All fungi 
require the physical presence of water for diffusion of nutrients into the cells and the 
release of extracellular enzymes. A relative humidity of 70% is near the lowest limit for 
fungal growth (Deacon, 1997). Some fungi, such as species of Mucor are drought tolerant. 
The growth of most bacteria need lowest water activity (aw) in range of 1.00-0.90 
(Beuchat, 1983). In contrast, fungi could tolerant in a lower range, such as 0.75-0.65 for 
most of xerophilic molds (Jay, 1992).  
Recent research suggests that fungi can degrade a variety of VOCs and may offer 
contaminant removal rates equal or greater to those observed in bacterial systems (Braun-
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Lüllemann et al., 1995; Woertz, et al., 1999; Woertz et al., 2001).  van Groenestijn et al. 
(1995), for instance, found that a biofilter containing styrene-degrading fungi eliminated 
styrene at a volumetric capacity of 50-110 g/m3/h, which was higher than attained in 
conventional bilfilters.  Woertz et al. (2001) reported that a biofilter dominated by the 
fungus Exophiala lecanii-corni was able to degrade toluene at a rate of 270 g/m3/h, much 
higher than previously reported studies employing with bacteria. van Groenestijn and Liu 
(2002) found that biofilters based on the function of fungi exhibited higher volumetric 
elimination capacity for α-pinene than that reported in other biofilters, and the operational 
stability may also be higher than biofilters dominated by bacterial populations. 
Degradation of VOCs by bacteria has been studied extensively. On the contrary, 
metabolism of VOCs by fungi has not been well studied. Some studies on BETX 
compounds fungal degradation pathway have been carried out on several pure culture 
species (Yadav and Reddy, 1993; Weber et al., 1995; Tsao, et al., 1998; Prenafeta-Boldu et 
al., 2001; Prenafeta-Boldu et al., 2002). These studies indicated that alkylated benzenes 
(toluene, ethylbenzene, and xylenes) were degraded by a combination of assimilation and 
cometabolism and at the side chain by the same monooxygenase enzyme, which is similar 
to the pathways of bacteria (Prenafeta-Boldu et al., 2001). Several researchers have 
reported successful treatment of single-component waste gas streams in laboratory-scale 
biofilters containing fungi. Compounds that reported to have been effectively removed in 
fungal biofilters include toluene (García-Peña et al., 2001; van Groenestijn et al., 2001; 
Woertz et al., 2001), styrene (Cox et al., 1996, 1997), ethanol (Christen et al., 2002), and 
α-pinene (van Groenestijn and Liu, 2002).   
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In some cases, fungal cultures have been use as inoculums, including Candida 
utilis (Christen et al., 2002), Cladophialophora sp. (Woertz et al., 2002), Exophiala 
jeanselmei (Cox et al., 1996, 1997), Exophiala lecanii-corni (Woertz et al., 2001), and 
Scedosporium apiospermum (García-Peña et al., 2001).  Some species of fungi that have 
been identified as VOC degraders are summarized in Table 1.2. Additionally, fungi have 
been observed in laboratory and full-scale biofilters even in the cases where conditions 
were not purposely manipulated to encourage their growth (Agathos et al. 1997). However, 
few investigations on the role and relative contribution of fungi to VOC removal in 
biofilter have been carried out.   
Table 1.2.  Species of fungi and target VOCs 
Fungus VOC Comment Reference 
Bjerkandera adusta Mixture of styrene, 
ethylbenzene, 
xylene, toluene 
Bottle test with pure 
culture 
Braun-Lüllemann 
et al., 1995 
Cladophialophora sp. Mixture of 
benzene, toluene, 
ethylbenzene, and 
xylene 
Flask test with pure 
culture isolated form 
BTEX polluted soil. 
Prenafeta-Boldu et 
al., 2002 
Cladosporium 
sphaerosporium 
Toluene Flask test with pure 
culture isolated from 
compost biofilter 
Weber, et al., 1995 
 
Exophiala jeanselmei Toluene 
Styrene 
Isolated from vapor 
phase bioreactor 
Biofilter inoculated with 
pure culture  
Woertz et al., 1999 
Cox et al., 1996, 
1997 
Exophiala lecanii-
corni 
Toluene Vapor-phase bioreactor 
containing the culture 
strain 
Woertz et al., 2001 
Exophiala sp. 
 
Toluene and 
ethylbenzene 
Flask test with pure 
culture obtain from 
culture collections 
Prenafeta-Boldu et 
al., 2001(a) 
(table con’d.) 
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Fusarium oxysporum Methyl ethyl 
ketone 
Isolated from tubular 
biofilm reactor and 
tested with pure liquid 
batch culture 
Agathos et al. 
1997 
Geotrichum candidum Methyl ethyl 
ketone 
Isolated from tubular 
biofilm reactor and 
tested with pure liquid 
batch culture  
Agathos et al. 
1997 
Phanerochaete 
chrysosporium 
Mixture of 
benzene, toluene, 
ethylbenzene, and 
xylene 
Styrene 
Serum bottle test with 
pure culture 
 
Bottle test with pure 
culture 
Yadav and Reddy, 
1993 
 
Braun-Lüllemann 
et al., 1995 
Pleurotus ostreatus Styrene, 
ethylbenzene, 
xylene, toluene 
Bottle test with pure 
culture 
Braun-Lüllemann 
et al., 1995 
Scedosporium 
apiospermum 
Toluene Simulated biofilter 
inoculated with pure 
culture isolated from a 
toluene degrading 
biofilter  
García-Peña et al., 
2001 
Trametes Versicolor Styrene, 
ethylbenzene, 
xylene, toluene 
Bottle test with pure 
culture 
Braun-Lüllemann 
et al., 1995 
Pseudeurotium 
zonatum 
Toluene Flask test with pure 
culture obtain from 
culture collections 
Prenafeta-Boldu et 
al., 2001(b) 
Leptodontium sp. Toluene Flask test with pure 
culture obtain from 
culture collections 
Prenafeta-Boldu et 
al., 2001(a) 
 
1.4 Treatment of VOC Mixtures in Biofilters 
Although there have been several reports on fungal biofilters treating single-
component waste gas streams as described above, treatment of industrial waste gas streams 
containing VOC mixture has not yet been widely studied using fungal biofilters.  Such 
studies are necessary because although many of the VOCs present in industrial emissions 
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have been successfully treated using biological methods when they are present as 
individual compounds or simple two-component mixtures (Deshusses et al., 1995, 1999), 
complex mixtures can be problematic when biological treatment processes are applied 
(Devinny et al., 1999).  Complex kinetic inhibition and/or catabolic repression often exist 
in systems where multiple contaminants are present (Deshusses et al., 1995; Kazenski and 
Kinney, 2000; Atoche and Moe, 2004).   
Some recent studies utilized laboratory-scale or pilot-scale biofilters treating multi-
component VOC mixtures representative of emissions from paint spray booths (Webster et 
al., 1998; Kazenski and Kinney, 2000; Park et al., 2002; Song et al., 2002). Results of a 
study on a full-scale fungal biofilter treating off-gases emitted from a paint manufacturing 
operation (Swift, 2002) suggests that fungal biofilters may be particularly well-suited for 
treatment of solvent emissions.  
In order to reduce the emission of HAP compounds during painting operation, one 
alternative is to use reformulated paint in which a portion or all of the HAP compounds 
(e.g., methyl ethyl ketones and methyl isobutyl ketone) are replaced by compounds not 
legally defined as HAPs(e.g., acetone). Acetone has been widely used for paint clean-up or 
as a diluent or reduction solvent in paint manufactory. It is also sometimes used for 
degreasing parts prior to paint application. Thus, biofiltration processes treating off-gases 
from manufacture and application of reformulated paint have to deal with the presence of a 
large portion of actone along with a small portion of HAPs. Some researchers have 
examined treatment performance of biofilters receiving lower loading acetone included 
VOC contaminated waste gas (Hwang et al., 1997; Hamer and Tawil, 2001; Chang and Lu, 
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2003). However, study on VOC removal behavior in biofilter receiving high loading of 
acetone in waste gas stream is still lacking.  
1.5 Discontinuous Loading Conditions 
Contaminated gas emissions from many paint manufacturing and paint application 
operations are intermittent. Transient operating conditions occur when manufacturing 
facility operated in a transient state, such as the intermittent operating only a fraction of the 
day, a fraction of the weekend or shutdown during holiday and the emission loading 
variation during operation. Webster et al. (1999) described the operational and 
performance problems encountered in the operation of a biotrickling filter reactor, in which 
transient operation condition is the most often encountered problem for full-scale system. 
The acclimation period required to resume high removal efficiency depends on the 
duration of shutdown period, and longer duration of shutdown generally requires longer re-
acclimation time (Cox and Deshusses, 2002; Fitch and England, 2002).  
The reason for performance declines and lag phase during re-acclimation likely 
results from changes of metabolic and enzymatic activity microorganisms cells. Starvation 
during non-use periods was thought not to cause biomass contents to drop but relate to the 
activity drop of remaining biomass in biofilter (Cox et al., 2002). Microorganisms in 
biofilter were survived by endogenous respiration during non-use period.  Endogenous 
respiration during the starvation usually includes the use of intra-cellular carbon resources 
and crypric growth, which related to degrade lysis products from injured cells as carbon 
sources (Métris et al., 2001). 
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A few studies have been carried out in order to overcome the efficiency decline 
caused by transient loading conditions. Al-Rayes et al. (2001) evaluated an absorption and 
humidification system for dampening transient VOC loading. Shi and Severin (1995) 
simulated periodic gas discharge condition for 10 hours per day, 4 days per week. The 
result was found that the intermittently fed biofilter required a long start-up time and was 
unable to attain high removal rate without addition of glucose into the filter bed. Park and 
Kinney (2001) assessed the ability of a slip feed system to maintain contaminant 
degradation activity of the biomass in a vapor phase bioreactor during starvation or 
shutdown periods, and found the system could greatly reduce the reacclimation time 
required by the reactor following shutdown period. 
1.6 Objective 
The overall objective of the research described in this dissertation was aimed at 
evaluating performance of biofilters treating VOC mixtures. EA particular focus was on 
evaluating the potential merits of using fungal dominated biofilters to remove mixtures of 
VOCs representative of paint VOC emissions. To meet these broad objectives, the research 
was divided into several parts, including: 
1. Screening of fungal cultures for their ability to degrade wide spectrum of VOCs. 
2. Testing performance of pure fungal inoculated biofilter treating a four-component 
VOC mixture representative of paint spray booth off-gases under various steady 
loading conditions. 
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3. Testing performance of fungal biofilter treating a four-component VOC mixture 
representative of paint spray booth off-gases under discontinuous loading 
conditions. 
4. Testing performance of undefined mixed culture inoculated biofilter operated at 
neutral pH treating an off gas simulating reformulated pain manufactory emission.  
5. Evaluating performance of VOC mixture removal in low pH biofilter, and 
feasibility of the approach to build up fungal population by enriching inoculums at 
low pH and operating at low pH in biofilters. 
6. Investigating the relative contribution of fungi and bacteria to toluene degradation 
in mixed culture inoculated biofilters. 
Experimental results of the research are presented in the following chapters of this 
dissertation. In Chapter 2, study on testing degradation ability of ten kinds of VOCs by five 
fungal species is reported. Results of a fungal biofilter inoculated with pure culture of 
Cladosporium sphaerospermum treating simulated paint spray booth off-gas under 
continuous loading and intermittent loading conditions are presented in Chapter 3 and 4 
respectively. Studies on treatment of simulated VOC emission from reformulated paint 
manufacture in biofilters operated at neutral pH (pH=7) and low pH (pH=3) are introduced 
in Chapter 5 and 6 respectively. The results of study on the relative contribution of fungi 
and bacteria to toluene degradation in mixed culture inoculated biofilters are presented in 
Chapter 7. Finally, Chapter 8 summarizes major findings and conclusions of this 
dissertation, and indicates recommendations for future research. 
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CHAPTER 2. SCREENING OF FUNGI FOR BIODEGRADATION OF VOLATILE 
ORGANIC COMPOUNDS* 
2.1 Introduction 
The concerns of air pollution by volatile organic compounds (VOCs) emitted from 
industrial practices and waste treatment operations have prompted the development of air 
pollution control technologies. Among the various emerging technologies, biofiltration is 
considered a promising option for the treatment of air streams contaminated by VOCs at 
low concentrations.  Benefits of this technology including relatively low operating costs, 
low energy requirements, and the avoidance of cross media transfer of pollutants (Leson 
and Winer, 1991).  
Currently, most biofilter applications utilize undefined mixed cultures generally 
thought to be comprised primarily of bacteria. In spite of the many successful applications, 
several researchers have reported that bacteria based biofilters exhibit diminished treatment 
performance and dramatically decreased elimination capacity upon excessive drying or 
decrease in pH of the biofilter packing media (Agathos et al., 1997; Severin et al., 1995; 
Auria et al., 1998). Recent studies have revealed that some fungal species are not only 
more tolerant to low moisture content and acidification of the biofilter media but also that 
they are able to rapidly degrade a wide range of organic chemicals (Brun-Lullemann et al., 
1995; Woertz et al., 1999). 
Biofilter success is obviously dependent on the biodegradability of contaminants 
(Leson and Winer, 1991; Medina et al., 1995). Although many fungal species have been 
tested for their ability to degrade non-volatile compounds, relatively few accounts of 
* Reprinted by permission of Applied Microbiology and Biotechnology 
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fungal degradation of VOCs appear in the literature. As the initial step in testing a fungal-
based biofilter system, five fungal species were screened to test their ability to degrade a 
variety of VOC contaminants using a novel culturing approach. Experiments were 
conducted at a range of pH values in order to determine the optimum pH level for fungal 
growth on the compounds tested.  
2.2 Materials and Methods 
2.2.1 Preparation of Pure Cultured Fungi 
Five fungal species, Cladosporium resinae (ATCC 34066), Cladosporium 
sphaerospermum (ATCC 200384), Exophiala lecanii-corni (CBS 102400), Mucor rouxii 
(ATCC 44260), and Phanerochaete chrysosporium (white rot fungus) (ATCC 24725), 
were streaked in pure culture on agar petri plates (1.0 g malt extract, 0.5 g yeast extract, 
and 1.5 g pure (plain) agar in 100 mL of deionized water). All reagents except for agar 
were obtained from Sigma (St. Louis, MO). Agar was obtained from Fisher Scientific 
(Pittsburgh, PA). Throughout the experiments, unless otherwise noted, all media and 
laboratory instruments contacting the fungi were sterilized by autoclaving at 120 oC and 15 
psi for 30 minutes, and aseptic technique was employed throughout the studies. 
The agar petri dishes were incubated at 30 ± 1 oC for 7 days at which time 
appreciable growth was observed for all cultures. Then, 5.0 mL of autoclaved nutrient 
solution prepared by adding the following constituents to deionized water was added to 
each dish grown with fungi: NH4NO3 1.25g/L, KH2PO4 1.0 g/L, MgSO4·7H2O 0.5 g/L, 
CaCl·2H2O 0.02 g/L, CuCl2·2H2O 0.17 mg/L, CoCl2·6H2O 0.24 mg/L, ZnSO4·7H2O 0.58 
mg/L, MnSO4·H2O 1.01 mg/L, Na2MoO4·2H2O 0.24 mg/L, NiCl2·6H2O 0.10 mg/L, 
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FeSO4·7H2O 1.36 mg/L, and streptomycin sulfate 4.5 mg/L. The agar surface of each dish 
was gently scraped using a sterile loop, and the dishes were shaken for 30 sec. The 
resulting fungal suspension was removed from each agar petri dish and transferred to a 
centrifuge tube containing 10 mL of fresh nutrient solution. The centrifuge tubes were then 
vortexed for 2 min before being centrifuged for 2 min at 3000 g. The supernatant was 
decanted, 10 mL of fresh nutrient solution was added, and the rinse was repeated twice.  
Finally, the fungi were re-suspended in 30 mL of fresh nutrient medium. 
2.2.2 Inoculation and Culture 
One milliliter of the fungal suspension was transferred to a glass petri dish (1.5 cm 
x 10.0 cm) containing 5 ceramic pellets (R-635 Celite, Lompoc, CA) that were previously 
heated to 550oC in a muffle furnace to remove organic contaminants. Five mL of nutrient 
solution prepared as described above but subsequently adjusted to an initial pH value of 3, 
5, or 7 (using 10% NaOH (w/v) or 1.0 M HCl) prior to autoclaving was also added to each 
petri dish. After inoculation, the petri dishes were gently shaken to distribute the fungal 
suspension over the surface of all pellets. Three short segments of sterile Teflon tubing 
(approximately 0.5 cm in length) cut lengthwise were fixed around the edge of each petri 
dish to support the dish cover and provide a gap of approximately 1 mm for diffusion of 
VOCs. 
 Dishes inoculated with fungi were then placed in an airtight glass desiccator that 
had been disinfected by surface treatment with an ethanol solution (75% ethanol and 25% 
sterile deionized water (v/v)) and allowed to air dry in a laminar flow hood supplied with 
hepa filtered air. The glass desiccators contained two additional uncovered glass petri 
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dishes below the ceramic support plate. One dish contained a 0.85% (w/v) sterile NaCl 
solution to control relative humidity, and the other dish was used as a surface to evaporate 
VOC. To add the VOC to the gas headspace inside the desiccator, 100 µL of VOC (neat) 
was added to the evaporation dish prior to sealing. The desiccators were then incubated at 
ambient laboratory temperature (23 ± 2 oC).  Each desiccator was unsealed, and 100 µL of 
VOC was added every two days for the remainder of the experiment. Each VOC was tested 
separately. The VOCs tested included methyl ethyl ketone, toluene (99.9% from Fisher 
Scientific, Fair Lawn, NJ), ethyl 3-ethoxypropionate, n-butyl acetate, methyl isobutyl 
ketone (4-methyl-2pentanone), methyl propyl ketone (2-pentanone), benzene, styrene 
(99%, from Aldrich Chemical Co. Inc., Milwaukee, WI), and ethylbenzene (from Sigma 
Chemical Co., St. Louis, MO). 
 Each of the five fungal species was tested with each VOC at three different pH 
values.  Because the inoculation procedure involved addition of 1.0 mL of fungal 
suspension (pH 5.0) to 5.0 mL of nutrient solution adjusted to pH 3.0, 5.0, or 7.0, the pH 
after inoculation was approximately 3.5, 5.0, or 6.5, respectively. Each treatment was 
repeated in triplicate. Thus, a total of nine dishes were used for each VOC and fungal 
species combination tested. Incubation time was measured in days from the time 
inoculated plates were placed in the glass desiccator. 
 Additionally, two controls without VOC addition were adopted for each pH and 
fungal combination tested. The first control (arbitrarily named Control 1) consisted of 
replicate dishes that were prepared and incubated in a desiccator exactly as described 
above except that no carbon source (VOC) was added to the desiccator. This was used to 
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determine if the fungi grew in the absence of VOC constituents (e.g., by utilizing 
endogenous carbon reserves, degrading streptomycin, etc.). The second control (arbitrarily 
named Control 2) consisted of replicate dishes that were prepared and incubated in a 
desiccator exactly as described above except that 1.0 mL of nutrient media containing 5.0 
g/L glucose was added to each dish prior to incubation.  This was used to confirm that a 
viable culture was used in the inoculation. 
 At two-day intervals, the petri dishes were examined for visible growth of fungi. 
When heavy visible growth was readily apparent, incubation was stopped and the cultures 
were recorded as being capable of utilizing the compound as the sole carbon and energy 
source under the conditions tested. In the cases where no visible growth was observed, 
experiments were continued for a minimum of 30 days.  When no visible growth was 
observed even after 30 days of incubation, the culture was recorded as not being capable of 
utilizing the compound as the sole carbon and energy source under the conditions tested. 
2.3 Results 
No visible growth was observed in any of the Control 1 dishes (no carbon source 
added) for any of the fungi during the 30-day incubation period. For Cladosporium 
resinae, visible growth was observed in Control 2 (glucose added) starting on Day 2 for 
pH 5.0 and on Day 4 for pH 3.5 and 6.5. For Cladosporium sphaerospermum, visible 
growth in the Control 2 treatments began on Day 2 for all pH levels. For Exophiala 
lecanii-corni, visible growth was observed in Control 2 treatments on Day 2 for pH 3.5 and 
5.0 and on Day 4 for pH 6.5. Visible growth of Mucor rouxii was observed in Control 2 
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treatments on Day 2 for pH 3.5 and 6.5 and Day 4 for pH 5.0.  For Phanerochaete 
chrysosporium, visible growth in Control 2 treatments began on Day 4 for all pH levels. 
2.3.1 Cladosporium resinae 
Growth observations for Cladosporium resinae are summarized in Table 2.1. 
Fungal growth on toluene started on Day 2 with abundant visible biomass at pH 3.5. 
Visible growth in all n-butyl acetate, methyl ethyl ketone, methyl propyl ketone and 
methyl isobutyl ketone treatments was observed starting on Day 4. During the first week, 
the biomass growth on cultures supplied with methyl ethyl ketone was greatest at pH 6.5 
followed by pH 5.0 and then pH 3.5, but from Day 8 onward, the amount of growth at pH 
5.0 was greater than other pH levels. The biomass quantity for n-butyl acetate and methyl 
propyl ketone treatments was greatest at pH 5.0 followed by pH 3.5 and then pH 6.7 
throughout the study. Fungal growth on methyl isobutyl ketone was greatest at pH 5.0 
followed by pH 6.5 and then pH 3.5. Visible growth on ethyl 3-ethoxypropionate was 
observed from Day 6 onward with the amount of biomass greatest at pH 6.5 followed by 
pH 5.0 and then pH 3.5. In ethylbenzene treatments, visible growth at pH 5.0 was observed 
from Day 8 onward. In plates where growth was observed, Cladosporium resinae was 
present around the Celite pellets and attached to the dish bottom. No visible growth was 
observed in any benzene and styrene treatments during the 30-day incubation period. 
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Table 2.1. Growth observations for plates containing Cladosporium resinae 
 
Treatment pH 3.5 pH 5.0 pH 6.5 
Control 1 (no C source) −(1) − − 
Control 2 (glucose) *(2) ** ** 
Ethyl-3 ethoxypropionate − * ** 
n-Butyl acetate **** ***** *** 
Methyl ethyl ketone * **** **** 
Methyl propyl ketone ** *** ** 
Methyl isobutyl ketone *** ***** **** 
Benzene − − − 
Toluene **** ** *** 
Ethylbenzene ** ** * 
Styrene − − − 
 
(1) - no visible growth, (2) * represents visible growth; more *indicates greater quantity of 
fungal biomass observed 
 
2.3.2 Cladosporium sphaerospermum 
As summarized in Table 2.2, Cladosporium sphaerospermum was capable of 
growing on all nine VOCs tested; however, the amount of observed growth differed 
markedly between cultures supplied with different compounds. Visible growth was 
observed in ethyl 3-ethoxypropionate, n-butyl acetate, methyl propyl ketone, methyl 
isobutyl ketone, and toluene treatments at all pH levels from Day 2 onward with extensive 
growth visible by Day 4. Growth was observed in methyl ethyl ketone treatments at pH 6.5 
and 5.0 beginning on Day 2, while growth at pH 3.5 was somewhat delayed. Visible 
growth on all ethylbenzene and styrene treatments started on Day 4 and fungal biomass 
increased quickly after Day 6. Cultures supplied with benzene at pH 6.5 and 5.0 also 
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produced visible growth beginning on Day 4, while cultures at pH 3.5 took longer to 
develop.  
Table 2.2. Growth observations for plates containing Cladosporium sphaerospermum 
 
Treatment pH 3.5 pH 5.0 pH 6.5 
Control 1 (no C source) −(1) − − 
Control 2 (glucose) **(2) ** * 
Ethyl-3 ethoxypropionate *** **** ** 
n-Butyl acetate ***** **** ****** 
Methyl ethyl ketone * *** **** 
Methyl propyl ketone * **** *** 
Methyl isobutyl ketone *** ***** **** 
Benzene * ** ** 
Toluene *** **** **** 
Ethylbenzene *** ** * 
Styrene * * * 
 
(1)- no visible growth, (2) * represents visible growth; more *indicates greater quantity of 
fungal biomass observed. 
 
 Biomass growth for cultures supplied with ethyl 3-ethoxypropionate was greatest at 
pH 5.0 followed by pH 3.5 and then pH 6.5. The greatest biomass observed for n-butyl 
acetate was at pH 6.5 followed by pH 3.5 and pH 5.0. For cultures supplied with either 
methyl ethyl ketone or benzene, the amount of biomass was greatest at pH 6.5 followed by 
pH 5.0 and then pH 3.5.  For cultures supplied with methyl isobutyl ketone and toluene, 
the biomass quantity was greatest at pH 5.0 followed by pH 6.5 and then pH 3.5. Only the 
growth on ethylbenzene showed best performance at pH 3.5 followed by pH 5.0 and pH 
6.5. The amount of biomass produced in styrene treatments was essentially the same for all 
three pH levels.  
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Although fungal growth was observed for all nine VOCs tested, a relatively large 
amount of biomass was produced with only seven compounds. For plates incubated in the 
presence of benzene and styrene, a smaller but readily detectable amount of growth 
occurred. On plates where growth was observed, Cladosporium sphaerospermum was 
present around the celite pellets and on the surface of the liquid media in the dishes. 
2.3.3 Exophiala lecanii-corni 
Growth observations for Exophiala lecanii-corni are summarized in Table 2.3. 
Visible fungal growth in two VOC treatments (methyl isobutyl ketone, and toluene) was 
observed at all three pH levels starting on Day 2. Visible growth was observed for seven 
additional compounds (ethyl 3-ethoxypropionate, n-butyl acetate, methyl ethyl ketone, 
methyl propyl ketone, benzene, ethyl benzene and styrene) starting on Day 4. At the end of 
the incubation period, the greatest quantity of biomass was observed at pH 5.0 for most 
VOCs tested. 
In general, the quantity of biomass produced was greater with organic acetates and 
ketones than with aromatic hydrocarbons or glucose. The fungi were observed to grow not 
only on and around the Celite pellets but also attached to the bottom of the glass petri 
dishes.   
2.3.4 Mucor rouxii 
Table 2.4 summarizes the growth performance of Mucor rouxii. Except for n-butyl 
acetate where abundant growth occurred from Day 2 onward for all pH values and for 
ethyl 3-ethoxypropionate where growth occurred from Day 4 onward (with the largest  
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Table 2.3 Growth observations for plates containing Exophiala lecanii-corni 
Treatment PH3 3.5 pH 5.0 pH 6.5 
Control 1 (no C source) −(1) − − 
Control 2 (glucose) ***(2) ** * 
Ethyl-3 ethoxypropionate * ** * 
n-Butyl acetate **** ***** *** 
Methyl ethyl ketone **** ***** *** 
Methyl propyl ketone * ** ** 
Methyl isobutyl ketone ** **** *** 
Benzene ** *** * 
Toluene *** *** **** 
Ethylbenzene ** ** * 
Styrene * ** * 
 
(1) - no visible growth, (2) * represents visible growth; more *indicates greater quantity of 
fungal biomass observed 
 
Table 2.4 Growth observations for plates containing Mucor rouxii 
Treatment pH pH 5.0 pH 6.5 
Control 1 (no C source) −(1) − − 
Control 2 (glucose) **(2) ** ** 
Ethyl-3 ethoxypropionate − * ** 
n-Butyl acetate **** ***** ****** 
Methyl ethyl ketone − − − 
Methyl propyl ketone − − − 
methyl isobutyl ketone − − − 
Benzene − − − 
Toluene − − − 
Ethylbenzene − − − 
Styrene − − − 
 
(1) - no visible growth, (2) * represents visible growth; more *indicates greater quantity of 
fungal biomass observed 
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amount of growth occurring at pH 6.5), no visible growth was observed during the 30-day 
incubation for any of the other VOCs tested. Unlike Exophiala lecanii-corni, Mucor rouxii 
was present around the ceramic pellets and on the surface of liquid media in the dishes 
instead of attaching to the bottom of the dish. 
2.3.5 Phanerochaete chrysosporium 
Growth observations for Phanerochaete chrysosporium are summarized in Table 
2.5.  Visible growth started on Day 2 for the toluene culture with the greatest quantity of 
growth observed at pH 3.5, followed by pH 5.0 and pH 6.5. Growth in n-butyl acetate 
treatments at all pH levels was observed starting on Day 4. The greatest growth was 
observed at pH 5.0, followed by pH 6.5 and 3.5. From Day 6 onward, visible growth was 
observed on all ketone treatments at almost all pH levels, with more growth observed at 
pH 6.5 than at pH 5.0 and 3.5 for methyl ethyl ketone and methyl propyl ketone. For 
methyl isobutyl ketone, growth observations showed a reversed sequence. Interestingly, no 
visible growth was observed on methyl ethyl ketone treatments at pH 3.5 during the 
incubation period.  
Visible biomass growth on ethyl 3-ethoxypropionate was found starting at Day 8 
with the amount of fungal biomass greatest at pH 3.5 followed by 5.0 and 6.5. Growth on 
benzene was also observed from Day 8 onward for pH values of 5.0 and 6.5, with more 
growth observed at pH 5.0 than that at pH 6.5. Fungal growth on ethylbenzene was 
observed from Day 12 onward. When growth was present, Phanerochaete chrysosporium 
grew around the ceramic pellets and attached on the dish bottom. No visible growth was 
observed for benzene treatments at pH 3.5 during the incubation period. 
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Table 2.5 Growth observations for plates containing Phanerochaete chrysosporium 
 
Treatment pH pH pH 
Control 1 (no C source) −(1) − − 
Control 2 (glucose) *(2) ** ** 
Ethyl-3 ethoxypropionate ** * * 
n-Butyl acetate ** **** *** 
Methyl ethyl ketone − ** *** 
Methyl propyl ketone * ** ** 
Methyl isobutyl ketone **** *** ** 
Benzene − ** * 
Toluene *** ** * 
Ethylbenzene * * * 
Styrene − − − 
 
(1) - no visible growth, (2) * represents visible growth; more *indicates greater quantity of 
fungal biomass observed 
  
2.4 Discussion  
For all fungal species tested, no visible growth was observed in any of the Control 
1 petri dishes (where no glucose or VOC was added). On the other hand, visible growth 
was observed in all Control 2 petri dishes (where glucose but no VOC was supplied). 
These results indicate that a viable fungal culture was inoculated into each of the 
treatments and that the inoculated culture was not capable of producing visible growth in 
the absence of VOC. Thus, any visible growth observed on petri dishes where fungal 
inocula were supplied with VOC was taken as direct indication of growth on that VOC as 
sole carbon and energy source. 
 Table 2.6 contains a summary of fungal ability to utilize the VOCs under the 
conditions tested in this study. Results indicate that Exophiala lecanii-corni and 
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Cladosporium sphaerospermum can effectively utilize all ten compounds tested. This 
suggests that Exophiala lecanii-corni and Cladosporium sphaerospermum are promising 
candidates for use in fungal-based biofilters to treat gas streams contaminated by a wide 
range of VOCs. 
To our knowledge, the capability of Exophiala lecanii-corni to grow with benzene, 
styrene, methyl ethyl ketone, or p-xylene as a sole carbon and energy source has not been 
reported previously. Moreover, in apparent contrast to our results, Woertz and Kinney 
(2000) recently reported that the same strain of Exophiala lecanii-corni was not able to 
Table 2.6 Summary of growth observations for fungi growing on VOCs 
 
 Cladospori
um resinae 
Cladosporium 
sphaerospermum 
Exophiala 
lecanii-corni 
Mucor 
rouxii 
Phanerochaete 
chrysosporium 
No carbon source − (1) − − − − 
Glucose + (2) + + + + 
Ethyl-3- 
ethoxypropionate  
+ + + + + 
n-Butyl acetate + + + + + 
Methyl ethyl ketone + + + − + 
Methyl propyl ketone + + + − + 
Methyl isobutyl + + + − + 
Benzene − + + − + 
Toluene + + + − + 
Ethylbenzene + + + − + 
Styrene − + + − − 
(1) - no visible growth, (2) + visible growth 
 
degrade benzene in liquid cultures. These apparently contradictory results are likely due to 
differences in the culturing techniques utilized. Woertz and Kinney conducted their 
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experiments by placing Exophiala lecanii-corni cultures in liquid suspensions that were 
agitated on a rotary shaker table during incubation. Studies described here used static, 
attached growth culturing techniques. Previous studies on other fungal species have 
concluded that agitation as well as attached versus suspended growth conditions can 
markedly affect the morphology and metabolism of fungi. Additionally, in the current 
study, the fungal culture was supplied with both ammonia and nitrate as nitrogen sources 
rather than only ammonia-nitrogen. Differences in nutrient supply may have led to 
differences in metabolic pathways employed. Inoculating fungi in different stages of their 
life cycle might also cause different culture results. 
 It has been previously reported that Exophiala jeanselmei, a fungus closely related 
to Exophiala lecanii-corni, was able to assimilate a class of benzene-like compounds 
including 4-ethylphenol (Middelhoven, 1993) and styrene (Cox et al., 1993, 1996). The 
ability of Exophiala lecanii-corni to use n-butyl acetate and methyl ethyl ketone as a sole 
carbon and energy source under the conditions of this study are consistent with other 
researchers who have reported that Exophiala lecanii-corni can degrade n-butyl acetate, 
methyl propyl ketone, ethyl 3-ethoxypropionate, and ethylbenzene in agitated suspended-
growth conditions (Woertz and Kinney, 2000). 
 Maximum growth of Exophiala lecanii-corni was observed at pH 5.0 for all VOCs 
tested except for toluene and p-xylene where maximum growth was observed at pH 6.5. It 
is interesting to note, however, that highest growth rates were obtained at pH 3.5 when 
glucose was supplied as the sole carbon and energy source. Most microorganisms grow 
most rapidly when cultured at a specific pH range, and changes in the pH of biofilter media 
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can strongly influence microbial activity. Optimal pH conditions for compost biofilters 
have been reported to be between 7 and 8, a range preferred by bacteria and actinomycetes. 
Fungal-based biofilters have been reported to be more tolerant to low pH values (Cox et 
al., 1993; Woertz et al., 2001). In this study, the optimal pH for most VOC treatments was 
around 5.0, but an optimal pH of 3.5 was observed for most fungi tested with glucose as 
sole carbon and energy source. This suggests that the optimal pH value might vary with 
different carbon sources. 
 The capability of Cladosporium sphaerospermum to grow with benzene, p-xylene, 
methyl ethyl ketone, methyl propyl ketone, or methyl isobutyl ketone as sole carbon and 
energy sources has not been reported previously. One previous study reported that 
Cladosporium sphaerospermum can use toluene, styrene, ethylbenzene, propylbenzene, 
and other benzene compounds as sole carbon and energy sources; however, no growth of 
Cladosporium sphaerospermum with o-xylene, benzene, or phenol was found in their 
study (Weber et al., 1995). The apparently conflicting results with respect to benzene 
utilization between the study described herein and that previously reported by Weber et al. 
(1995) are likely due to differences in culture techniques. In the study conducted by Weber 
and his colleagues, the fungi were grown in liquid media containing a phosphate buffer at 
pH 7.0. In addition to potential differences resulting from suspended growth (Weber et al., 
1995) versus attached growth process (this study) and differences in nutrient supply, 
results described herein indicate that higher growth rates are observed for more acidic pH 
levels than were utilized in the previous study. Lower pH levels may be necessary for 
fungal growth on this compound. 
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 Numerous studies have described that the white-rot basidiomycetous fungus 
Phanerochaete chrysosporium is capable of effectively degrading polynuclear aromatic 
hydrocarbons (PAHs) and other recalcitrant organic compounds (Bumpus et al., 1985; 
Aitken and Irvine, 1990; and Wariishi et al., 1991) as well asbenzene, toluene, 
ethylbenzene and o-, m-, p-xylene (Yadav and Reddy, 1993). Results from the study 
described herein indicate that Phanerochaete chrysosporium is capable of degrading all 
compounds tested except for styrene and p-xylene under the conditions imposed by this 
study. Phanerochaete chrysosporium could not degrade p-xylene under the conditions 
imposed by this study, which is consistent with the result from Braun-Lüllemann et al. 
(1995) by straw culture test. 
 It should be noted that for all of the fungi and VOC combinations tested, absence of 
visible fungal growth provides a general indication that the fungus was not able to readily 
grow under the conditions imposed by the test. A lack of visible growth does not mean for 
certain that the species tested is not capable of growing under different culture conditions. 
This may be particularly true for Phanerochaete chrysosporium because of the differences 
in enzyme systems expressed during lignolytic and nonlignolytic conditions. 
 Other than early reports that Cladosporium resinae could grow when supplied with 
n-alkanes (e.g., n-decane and n-tetradecane) or jet fuel (Jet-A, JP-4, JP-5) (Cooney et al., 
1968, 1971), there are few accounts in the literature of VOC degradation by Cladosporium 
resinae. Of the nine compounds tested in the studies described herein, Cladosporium 
resinae could use the ester, ketones, toluene, and ethylbenzene as sole carbon and energy 
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sources. Growth was not detected for cultures incubated in the presence of benzene or 
styrene.    
 Cladosporium resinae exhibited less biomass growth and an apparently lower 
growth rate than the other fungi tested; however, because the amount of the inoculum was 
not standardized during the screening process and specific growth rates and specific 
contaminant removal rates have not yet been determined, it is not certain whether the 
specific contaminant removal rates were different. 
 Aside from the previous report that Mucor rouxii is able to degrade polyethylene 
(El-Shafei et al., 1998), there have been few accounts of VOC degradation by Mucor 
rouxii in the literature. Results of this study indicate that Mucor rouxii is capable of using 
n-butyl acetate and ethyl 3-ethoxypropionate as sole carbon and energy sources; however, 
the fungi was unable to utilize any of the ketones or aromatic hydrocarbons under the 
conditions tested. 
 The experimental protocol utilized in the studies described herein is a useful tool 
for assessing the ability of different fungal species to degrade gas-phase VOCs. Because 
the experimental conditions imposed on the fungal cultures in this study more closely 
match the conditions expected in a biofilter application (e.g., static, attached-growth 
conditions and a supply of both ammonia and nitrate nitrogen), this technique may prove 
valuable for rapidly determining whether particular fungal species can degrade VOCs 
under conditions expected to exist in biofilter applications. It should be noted, however, 
that the methods described here do not assess whether the VOCs were mineralized or 
whether they were biotransformed to intermediate metabolites that were not fully 
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mineralized by the pure cultures. Further study is necessary to unequivocally reach such 
conclusions. 
2.5 Conclusions 
The experimental protocol utilized in the studies described herein is a useful tool 
for assessing the ability of different fungal species to degrade gas-phase VOCs. This 
method may serve as a better predictive tool for characterizing the ability of 
microorganisms to degrade compounds under the conditions expected in biofilters where 
attached growth processes. 
Several fungal species are capable of degrading VOC constituents commonly found 
in paint spray booth off-gases. In particular, n-butyl acetate, methyl ethyl ketone, methyl 
propyl ketone, methyl isobutyl ketone, benzene, toluene, ethylbenzene, and styrene can all 
be used as the sole carbon and energy source by some fungal species. Exophiala lecanii-
corni and Cladosporium sphaerospermum, which both degraded all of the compounds 
tested, are promising candidates for use in fungal biofilters to treat gas streams 
contaminated by a variety of VOCs.   
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CHAPTER 3. TREATMENT OF PAINT SIMULATED SPRAY BOOTH OFF-
GASES IN A FUNGAL BIOFILTER UNDER CONTINUOUS LOADING 
CONDITIONS* 
3.1 Introduction 
As introduced in chapter 1, emissions of volatile organic compounds (VOCs), 
many of which are classified as Hazardous Air Pollutants (HAPS), from painting 
operations are a major concern for industrial manufacturing and government facilities. For 
example, painting operations are the largest source of manufacturing emissions in the 
automotive industry (Kim et al., 2000a, 2000b). In the US, recently proposed or 
promulgated regulations impose new limits on VOC emissions from painting operations 
including those associated with manufacturing automobiles (US EPA, 2002a), metal 
furniture (US EPA, 2002b), large appliances (US EPA, 2001), and miscellaneous metal 
parts (US EPA, 2002c). The contaminant constituents present in paint spray booth off-
gases vary depending on the type of paint utilized; however, a typical composition includes 
a mixture of solvents including ketones (e.g., methyl ethyl ketone, methyl isobutyl ketone, 
methyl propyl ketone), aromatic hydrocarbons (e.g., toluene and xylenes), and esters (e.g., 
n-butyl acetate) (Kim et al., 2000a, 2000b; US EPA 2002, a-c). Although use of 
reformulated paints containing reduced quantities of VOCs can markedly decrease 
emissions from many facilities, there is also an increasing need for cost-effective and 
reliable air pollution control technologies that can remove gas-phase contaminants from 
painting operations. A promising air pollution control technology for these dilute gaseous 
waste streams is biofiltration. 
* Reprinted by permission of ASCE Journal of Environmental Engineering 
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Biofiltration is a promising technology because it can achieve high removal 
efficiencies, requires comparatively little energy, releases minimal CO2 emissions, 
generates few undesirable byproducts, and is relatively inexpensive to operate in 
comparison to conventional treatment technologies like thermal oxidation and carbon 
adsorption (Devinny et al., 1999). Although most widely used for odor control, biofilters 
are increasingly applied to treat industrial air emissions containing a variety of VOC 
constituents including petrochemicals and solvents. Most biofilters used to treat gas-phase 
contaminants contain undefined mixed cultures of microorganisms generally thought to be 
comprised primarily of bacteria. As mentioned above, use of fungi may offer advantages in 
biofilter operation because of their ability to tolerate the low pH conditions and fluctuating 
moisture conditions that commonly occur in full-scale systems. Additionally, it has been 
hypothesized that the aerial mycelia of fungi, which are in direct contact with the gas 
phase, can take up hydrophobic compounds faster than flat aqueous bacterial biofilm 
surfaces (van Groenestijn and Liu, 2002). Moreover, recent research suggests that fungi 
can degrade a variety of VOCs and may offer contaminant removal rates equal or greater 
to those observed in bacterial systems (Woertz et al., 2001). 
Although there have been several reports of fungal biofilters treating single-
component waste gas streams as described above, treatment of more complex gas streams 
typical of industrial emissions have not yet been widely studied using fungal biofilters. 
Such studies are necessary because although most of the VOCs present in paint spray 
booth emissions have been successfully treated using biological methods when they are 
present as individual compounds or simple two-component mixtures (Deshusses et al., 
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1995, 1999), complex mixtures can be problematic when biological treatment processes 
are applied (Devinny et al., 1998). Complex kinetic inhibition and/or catabolic repression 
often exist in systems where multiple contaminants are present (Deshusses et al., 1995; 
Kazenski and Kinney, 2000).   
There have been some recent reports of laboratory-scale or pilot-scale biofilters 
treating multi-component VOC mixtures representative of emissions from paint spray 
booths (Webster et al., 1998; Kazenski and Kinney, 2000; Park et al., 2002; Song et al., 
2002); however, none of these report results of biofilters inoculated with fungi or 
maintained at the low pH conditions that would encourage their predominance. A recent 
report of a full-scale fungal biofilter treating off-gases from a paint manufacturing 
operation (Swift, 2002), although it involved treatment of VOCs at much higher 
concentrations that those expected from paint application facilities, suggests that fungal 
biofilters may be particularly well-suited for treatment of paint spray booth emissions.  
The aim of the study described in this chapter was to assess the potential of a 
fungal biofilter to treat complex mixtures of VOCs emitted from painting operations. A 
pure culture of Cladosporium sphaerospermum, a fungus previously studied as described 
in Chapter 2 and also previously studied by other researchers (Weber et al., 1995; Giraud 
et al., 2001) was initially inoculated into the biofilter. This fungal species has an ability to 
degrade multiple VOCs including esters, ketones, aromatic hydrocarbons and polycyclic 
aromatic hydrocarbons (PAHs). As described in the results section of this chapter, multiple 
additional fungal species grew in the system over time. 
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3.2 Materials and Methods 
3.2.1 Experimental Apparatus 
Laboratory experiments described herein employed a glass biofilter column as 
shown in Figure 3.1. The biofilter consisted of five sections plus a top and a bottom.  Each 
section had an inner diameter of 9.9 cm and a height of 25 cm. Each column section was 
filled with 25 cm of packing medium providing a total bed depth of 1.25 m and a total 
packed bed volume of 9.6 L.  Perforated stainless steel support plates were placed between 
each section to support the packing medium. Septum-filled monitoring ports located along 
the length of the column allowed collection of gas samples at various heights along the 
biofilter column. Glass marbles were placed in the bottom of the column to evenly 
distribute airflow. The column was assembled by placing VitonTM O-rings between each 
section and securing with a clamp. 
Compressed air from a laboratory air supply flowed through tubing to an activated 
carbon filter (Calgon type F-300) to remove any unwanted contaminants from the air 
supply. A pressure regulator (series R35, Arrow Pneumatics, Broadview, IL) was used to 
decrease the air-pressure to approximately 10 psi, and flow rates were measured and 
regulated with rotometers (Gilmont Instruments, 150 mm scale Accucal flow meter). Each 
rotometer was calibrated using an Aalborg Instruments model GFM37 digital mass flow 
meter (Orangeburg, NY).   
A portion of the influent air stream passed through an aeration stone submerged in 
a 20 L glass carboy filled with deionized water and heated with electrical heating tape. The 
remaining portion of the airflow was directed through a separate rotometer to control the 
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Figure 3.1:  Schematic diagram of biofilter apparatus.  1) laboratory air supply, 2) 
activated carbon filter, 3) pressure regulator, 4) flow meter, 5) syringe pump, 6) 
humidification chamber, 7) liquid drain, 8) glass column assembled in sections, 9) 
foam packing medium, 10) septum-filled monitoring ports, and 11) effluent. 
 
flow rate to two injection ports for VOC volatilization. The relative proportion of air flow 
passing through the humidification system and injection ports was varied as necessary to 
achieve the desired influent relative humidity as described below. VOC volatilization into 
the influent air stream was accomplished using two KD Scientific model 100 syringe 
pumps (KD Scientific Inc., New Hope, PA) with gas tight syringes (Hamilton Scientific, 
Reno, NV). Methyl propyl ketone and methyl ethyl ketone were combined together in one 
syringe, and toluene and n-butyl acetate were combined together in another. Injection ports 
consisted of glass tubes with airtight compression seals, and a port where a Thermogreen 
LB-1 half-hole septum (Supelco, Belefonte, PA) was inserted to allow needle penetration. 
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To minimize contaminant sorption to the experimental apparatus, all surfaces contacting 
the VOC contaminated air were made of glass, Teflon, or VitonTM.   
Packing medium for the biofilter consisted of polyurethane foam cubes 
(Honeywell-PAI, Lakewood, CO). The medium, obtained as cubes approximately 5.0 cm 
per side, was cut into cubes approximately 1.25 cm per side prior to use in biofilter 
experiments. Each of the five column sections in the biofilter contained approximately 75 
g of foam medium (dry mass basis), and the resulting porosity of material in the columns 
was approximately 0.96 at startup. The foam was rinsed with deionized water, dried at 105 
oC, and autoclaved at 120 oC and 15 psi for 30 minutes prior to inoculation with the fungal 
culture.  
3.2.2 Fungal Culture and Inoculation 
A pure culture of Cladosporium sphaerospermum from a storage slant was streaked 
on to glucose agar media (Agar 15 g L-1, Glucose 50 g·L-1, KNO3 20 g·L-1, MgSO4·7H2O 
0.5 g·L-1, and KH2PO4 1.0 g·L-1) in 10 petri dishes (9.0 cm diameter) and then incubated at 
30oC for two weeks. Fungal biomass grown on the agar was aseptically transferred to a 
culture flask containing a Teflon-coated magnetic stir bar and 2.0 L of liquid mineral salts 
medium that included the following: Glucose 10 g·L-1, NH4NO3 1.25 g·L-1, KH2PO4 1.0 
g·L-1, MgSO4·7H2O 0.5 g·L-1, CaCl·2H2O 0.02 g·L-1, CuCl2·2H2O 0.17 mg·L-1, 
CoCl2·6H2O 0.24 mg·L-1, ZnSO4·7H2O 0.58 mg·L-1, MnSO4·H2O 1.01 mg·L-1, 
Na2MoO4·2H2O 0.24 mg·L-1, NiCl2·6H2O 0.10 mg·L-1, FeSO4·7H2O 1.36 mg·L-1, and 
streptomycin sulfate 4.5 mg·L-1. The pH of the mineral solution was 5.0. The flask was 
sealed with a cap modified to accommodate an air inlet to which an aeration stone was 
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attached using Viton tubing. A peristaltic pump was used to dispense ambient air through a 
0.2 µm sterile filter (Whatman, Clifton, NJ) and into the flask via the aeration stone to 
supply oxygen. The culture was aerated and stirred at low speed for a period of one week 
at which time an appreciable amount of growth was observed. For biofilter inoculation, 
400 mL of the liquid culture was transferred into each of five 2.0 L beakers, and then 1100 
mL of autoclaved deionized water was added to bring the total volume in each beaker to 
1.5 L. All media and materials used for culturing were autoclaved at 120 oC and 15 psi for 
30 minutes, and aseptic techniques were used during fungal transfers. 
The foam packing medium for each section was submerged in the liquid culture in 
separate beakers and incubated for one hour before being transferred into column sections. 
Excess liquid was drained by gravity, and then the column was sealed and incubated with 
no air flow for a period of three days to allow fungi to grow attached to the packing 
medium while utilizing remaining glucose prior to the start of biofilter operation. Just prior 
to starting biofilter operation, the column was filled with a nutrient solution that contained 
the same components as the initial liquid culture solution but without any carbon source. 
The column was then drained by gravity.  After this initial inoculation of the biofilter, no 
special attempt was made to maintain a pure culture (e.g., the influent air was not filtered 
and nutrient solutions supplied to the column were not autoclaved). 
3.2.3 Biofilter Operation 
Following the inoculation and nutrient addition procedures described above, the 
biofilter was supplied with a VOC mixture comprised of n-butyl acetate, methyl propyl 
ketone, methyl ethyl ketone, and toluene at target concentrations of 124 mg·m-3 (26.3 parts 
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per million by volume (ppmv)), 174 mg·m-3 (49.6 ppmv), 50.5 mg·m-3 (17.2 ppmv), and 
44.6 mg·m-3 (11.9 ppmv), respectively. Thus, the total target VOC concentration was 393 
mg·m-3 (105 ppmv).  Five distinct periods of biofilter operation (identified as periods S, I, 
II, III, and IV) as summarized in Table 3.1 were studied. Time was recorded in days from 
the start of contaminant addition. Period S comprised a 51-day start-up period during 
which the empty bed residence time (EBRT) was 2.0 min and inlet relative humidity was 
45%. From Day 52 to 74 (Period I), relative humidity was increased to near 100% by 
increasing the proportion of gas flow passing through the humidification system to 95%, 
but the EBRT remained at 2.0 min and the contaminant loading rate remained unchanged. 
From Day 75 to Day 92 (Period II), the EBRT was reduced to 1.0 min (the gas flow rate 
was doubled), and the contaminant loading rate was increased proportionally to maintain 
the same influent contaminant concentration (i.e., the contaminant loading rate also 
doubled). From Day 93 to Day 152 (Period III), the EBRT was reduced to 30 sec, and the 
contaminant loading rate was increased proportionally to maintain the same influent 
contaminant concentration. From Day 153 to Day 180 (Period IV), the EBRT was reduced 
to 15 sec and the contaminant loading rate was again increased proportionally to maintain 
the same influent contaminant concentration. During Periods I to IV, the influent gas flow 
was maintained near 100% relative humidity.   
Biofilter performance was assessed in terms of removal efficiency (the percentage 
of influent contaminants removed by the biofilter) and by “elimination capacity,” a term 
frequently used in the biofiltration literature. Elimination capacity (EC) is defined by 
equation 3.1 below. 
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where: EC is the elimination capacity (g·m-3·h-1), Q is the gas flow rate (m-3.h-1), Cin is the 
influent gas-phase contaminant concentration (g·m-3), Cout is the effluent gas-phase 
contaminant concentration (g·m-3), and V is the volume of the packed bed (m3). 
Table 3.1:  Biofilter target loading conditions 
 Startup Phase I Phase II Phase III Phase 
IV 
Days of operation 0-51 52-74 75-92 93-152 153-180 
EBRT (min) 2 2 1 0.5 0.25 
Relative humidity (%) 45 100 100 100 100 
Methyl ethyl ketone loading rate (g·m-3·h-1) 1.5 1.5 3.0 6.0 12.0 
Methyl propyl ketone loading rate (g·m-3·h-1) 5.2 5.2 10.5 20.9 41.8 
Toluene loading rate (g·m-3·h-1) 1.3 1.3 2.7 5.4 10.7 
n-Butyl acetate loading rate (g·m-3·h-1) 3.7 3.7 7.5 14.9 29.8 
Total VOC loading rate (g·m-3·h-1) 11.7 11.7 23.7 47.2 94.3 
 
During Phases I, II, III, and IV of operation, nutrients were added to the biofilter 
approximately once per week by filling the column with 10 L of nutrient solution and 
draining by gravity. During the start-up period (Period S), the nutrient addition procedure 
was conducted on days 8, 16, 21, 29, and 43. The nutrient solution contained the same 
constituents as the nutrient solution used to initially grow the fungal inoculum except for 
glucose, which was not added. The concentration of streptomycin sulfate remained the 
same as the previous solution (4.5 mg·L-1), but the concentration of all other constituents 
was increased to five times that of the previous solution. Although nutrient addition to full-
scale biofilters containing inert packing medium is normally accomplished by spraying 
nutrient solutions over the medium and allowing it to trickle through the packed bed, a fill-
and-drain method similar that described here has proven convenient and adequate for 
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avoiding nutrient limitations in laboratory-scale systems (Woertz et al., 2002; Moe and Li, 
2004). 
3.2.4 Analytical Techniques 
Gas-phase VOC concentrations were measured using a Hewlett Packard 6890 
series gas chromatograph, equipped a DB-624 Special Analysis Column (Capillary 60 m × 
320 µm × 1.80 µm, Hewlett Packard) equipped with a flame ionization detector (FID). Gas 
samples collected from the biofilter monitoring ports using glass, gas-tight syringes 
(Hamilton, Baton Rouge, LA) were introduced into the GC by direct, splitless injection of 
250 µL samples. The helium carrier gas flow rate was 45 mL/min, hydrogen flow rate was 
40 mL/min, and airflow rate was 200 mL/min. The injector and detector temperatures were 
set at 225 oC, and the oven temperature was 50 oC for 4.0 minutes, followed by an increase 
at a rate of 50 oC per minute to 150 oC where it held for 6.0 minutes before increasing at a 
rate of 50 oC per minute to 200 oC where it held for 2.0 minutes. Retention times for 
methyl ethyl ketone, methyl propyl ketone, toluene, and n-butyl acetate were 
approximately 7.6, 9.2, 10.4, and 11.0 minutes, respectively. A four-point calibration was 
performed for each compound using nitrogen gas and three gas standards containing 
known concentrations of the VOCs tested (BOC Gases, Port Allen, LA). 
Gas-phase CO2 concentrations were measured using a Hewlett Packard 6890 series 
gas chromatograph, equipped with a thermal conductivity detector and an 80/100 
Chromosorb 102 packed column (6 ft, Supelco). Gas samples collected from the biofilter 
using a glass, gas-tight syringes (Hamilton, Baton Rouge, LA) were introduced into the 
GC by direct, splitless injection of 100 µL samples. The oven temperature was isothermal 
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at 40 oC. Injector and detector temperatures were set at 230 oC, and the helium carrier gas 
flow rate was 10 mL/min.  Calibration was performed using various dilutions of certified 
calibration gas standards (BOC Gases, Port Allen, LA).  
The pH of packing media was measured by directly contacting the wet surface of 
packing media with pH indicator strips (EM, Darmstadr, Germany) inserted through the 
column monitoring ports. The same method was used to measure the pH of nutrient 
solution filled and drained from the column of a weekly basis. Measurement of the nutrient 
rinsate using a pH selective electrode (Orion 620, Boston, MA) confirmed that the pH test 
strips were accurate to within 0.5 pH units. Relative humidity was measured using a 
Traceable Digital Hydrometer/Thermometers (Fisher Scientific, Pittsburgh, PA). 
Headloss across the biofilter bed was measured using a water manometer with headloss 
measured to the nearest millimeter.  
During some of the nutrient addition procedures, the porosity of the various 
biofilter column sections was estimated. After filling the entire column with nutrient 
solution, the nutrient solution was slowly drained, and the volume removed from each 
section was recorded. Porosity was then calculated by dividing the measured nutrient 
solution volume drained from each section by the total volume of each column section. 
Although the accuracy of this method has not been rigorously tested, it provides a relative 
measure of porosity in the various column sections and it provides a general indication of 
the spatial distribution of biomass within the column. 
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3.2.5 Microbial Analysis 
As further described in the results section, visual inspection of the column revealed 
that one or more types of fungi not initially inoculated in the column grew in the system 
over time (the initial fungal culture was dark in color, and a white fungus was readily 
visible in some areas of the column). The column was temporarily disassembled, and a 
foam cube was removed from the top of each section of the column using sterile tweezers. 
Each foam cube was placed in a separate 15-mL sterile tube containing 5.0 mL of the 
previously described nutrient solution. Each tube was then capped and votexed for a period 
of 60 seconds. Then, 0.5 mL of the cell suspension from each tube was transferred to a 
new sterile tube containing 4.5 mL of nutrient solution. The new solutions were vortexed 
for 30 seconds. This transfer procedure was repeated several times to create a wide range 
of serial dilutions. Spread plates were then made using a 100 µL volume from each of the 
10-4 to 10-9 dilutions. The agar contained 15 g/L agar and except for glucose, which was 
omitted, the same constituents and concentrations as were used in the liquid medium used 
to grow the fungal culture prior to inoculating the biofilter. The petri dishes were placed in 
an airtight glass desiccator that had been sanitized by surface treatment with an ethanol 
solution (75% ethanol and 25% sterile deionized water (v/v)) and allowed to air dry in a 
laminar flow hood supplied with hepa filtered air. The desiccator contained two autoclaved 
50 mL glass beakers, one with 30 mL 0.85% (w/v) sterile NaCl solution to control relative 
humidity, and another was used as a surface to evaporate VOCs. After a 100 µL of mixture 
of the four VOCs was added to the evaporating beaker as a carbon source, the desiccator 
was sealed and incubated at ambient laboratory temperature (23 ± 2 oC). The desiccator 
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was unsealed every two days and additional VOCs were added until growth was observed. 
Selected isolates were then transferred to agar slants prior to identification.  
Selected isolates were tentatively identified on the basis of partial 28S rDNA gene 
sequences determined by Microbe Inotech Laboratories, St. Louis, MO. Approximately 
300 bp of the variable D2 region of the 28S rRNA gene was PCR amplified from genomic 
DNA isolated from fungal colonies using a MicroSeqTM D2 rDNA Fungal Kit (PE 
Biosystems, Foster City, CA) according to the manufacturer’s protocol. The primers used 
for PCR and sequencing correspond to positions 3334 and 3630 in the 
Schizosaccharomyces japonicus rRNA gene. Amplification products were purified from 
excess primers and dNTPs using Microcon 100 (Amicon) molecular weight cut-off 
membranes and were checked for quality and quantity by running a portion of the products 
on an agarose gel. 
Cycle sequencing of the rDNA amplification products was carried out using 
AmpliTaq FS DNA polymerase and dRhodamine dye terminators. Excess dye-labeled 
terminators were removed from the sequencing reactions using Sephadex G-50 spin 
columns. The products were then collected by centrifugation, dried under vacuum, and 
frozen at –20oC. Samples were thawed, resuspended in a solution of formamide/blue 
dextran/ EDTA and denatured prior to loading. The samples were electrophoresed on an 
ABI Prism 377 DNA Sequencer, and data were analyzed using PE/Applied Biosystems 
DNA editing and assembly MicroSeq software. 
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3.3 Results and Discussion 
3.3.1 Overall Biofilter Performance  
3.3.1.1 Startup Period 
After 10 hours of operation following initial startup of the biofilter (when the 
earliest samples were collected), 98%, 100%, 92%, and 3% of the influent methyl ethyl 
ketone, methyl propyl ketone, n-butyl acetate, and toluene, were removed, respectively. 
This corresponds to an overall removal efficiency of 86% on a mass basis. Following this 
initial period of relatively high contaminant removal, treatment performance subsequently 
declined reaching 25% removal efficiency by day 6. Following nutrient addition 
procedures on day 8, performance improved with overall removal efficiency initially 
increasing to 39%; however, performance subsequently decreased again. As shown in 
Figure 3.2, this same general pattern of improved performance immediately following 
nutrient addition followed by diminished treatment performance was observed throughout 
the startup period during which the influent relative humidity was approximately 45%. A 
visual inspection of the column revealed that the packing media wetted during the nutrient 
addition procedure underwent substantial drying during the interval between nutrient 
additions. Drying of the packing medium was closely correlated with diminished treatment 
performance. 
Removal efficiency for each of the four constituents of the VOC mixture is 
depicted in Figures 3.3a-d. As shown in the figures, the removal efficiency for n-butyl 
acetate was somewhat higher than for the other compounds during the initial period of 
operation. During the 51-day period of operation with an EBRT of 2 min and relative 
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humidity of 45%, the average percentage removal for methyl ethyl ketone, methyl propyl 
ketone n-butyl acetate and toluene were 31%, 42%, 79%, and 20%, respectively.   
Figure 3.2 Overall VOC elimination capacity (EC) and removal efficiency (RE) 
during Period S (days 0-51), Period I (days 52-74), Period II (days 75-92), Period III 
(days 93-152), and Period IV (days 153-180). 
 
3.3.1.2 Phase I:  EBRT 120 Seconds (day 52-74) 
On Day 52, the start of Period I, a nutrient addition was performed and the 
proportion of air passing through the humidification system was increased to provide near 
100% relative humidity in the influent air prior to it entering the biofilter; however, the 
total air flow entering the biofilter remained constant as did the VOC loading rate. 
Approximately four hours after the column began operation under the new humidification 
condition (when the earliest samples were collected), 100%, 98%, 100%, and 67% of the 
influent methyl ethyl ketone, methyl propyl ketone, n-butyl acetate, and toluene, were 
removed, respectively.   
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Figure 3.3 Removal efficiencies for individual compounds during Period S, I, II, III, 
IV. 
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Aside from a temporary decrease in treatment performance observed from days 54 
to 56, the removal efficiency for methyl ethyl ketone, methyl propyl ketone, and n-butyl 
acetate was consistently high, averaging greater than 99% removal. The percentage of 
toluene removed in the biofilter also increased, but at a less rapid rate. It eventually 
increased to an average removal greater than 99% by day 66, fourteen days after the 
relative humidity of the influent gas stream was increased to near saturation. The biofilter’s 
overall VOC removal efficiency increased to over 98% on day 57 and remained stable with 
at an average removal efficiency greater than 98% from day 58 to day 74 (the remainder of 
Period I). Because toluene comprised only about 11% of the mass of the VOCs entering 
the biofilter, high overall VOC removal efficiency (e.g., greater than 98%) was possible 
even when toluene removal was somewhat lower (e.g., 80%). 
Although it has been demonstrated that fungi are generally more tolerant of dry 
condition than bacteria (Cox et al., 1996), the dramatic increase in biofilter performance 
following the increase in relative humidity of the influent gas stream indicates that the 
system’s capacity for degrading the influent VOCs was limited by lack of moisture. 
Because the salinity of the aqueous phase also increased as water evaporated from the 
system in during the time interval between nutrient additions during the 51-day start-up 
period (i.e., the mass of solutes remained the same while the volume of water decreased), it 
is possible that high salinity rather than lack of adequate moisture was the more direct 
cause of diminished performance. In either case, it is clear from these data that moisture 
control is critical for maintaining high contaminant removal rates in fungal biofilters 
supplied with concentrated nutrient solutions. Previous recommendations that inlet gas 
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streams should contain near 100% relative humidity to maintain media moisture content in 
biofilters (Corsi et al., 1995; Gostomski et al., 1997; Devinny et al., 1999) apparently 
applies to those containing fungi. Although a regular nutrient addition into the biofilter 
increased the moisture in biofilter on a temporary basis, this apparently did not supply 
enough water activity to maintain a consistently high removal efficiency.   
During all phases of biofilter operation, the measured contaminant loading rate 
entering the biofilter deviated somewhat from the target loading condition due to 
fluctuations in both the gas flow rate and the syringe pump flow rates. For example, during 
Period S (the startup period) and Period I, when the EBRT was 120 seconds, the total 
target VOC loading rate was 11.7 g·m-3·h-1, while the measured average total VOC loading 
was 12.9 g·m-3·h-1. This variation is contaminant loading rate did not cause any obvious 
effects in biofilter performance. 
3.3.1.3 Phase II:  EBRT 60 Seconds (day 75-92) 
On Day 75, the start of Period II, the gas flow rate entering the biofilter was 
increased by a factor of two. The EBRT was reduced to 60 seconds (i.e., the gas flow rate 
was doubled) while the target influent VOC concentrations remained unchanged. Thus, the 
organic loading rate to the biofilter increased by a factor of two. The biofilter quickly 
adapted to the new condition. As shown in Figure 3.3, one day following the increase in 
loading rate, 76% of the influent toluene was removed, and the removal of the other three 
constituents was greater than 99%. The toluene removal increased to 96% the following 
day and was greater than 99% for the remainder of Phase II. In terms of overall VOC 
removal efficiency, as shown in Figure 3.2, the biofilter removed 97% of the influent 
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contaminant loading one day following the increase in loading rate and removed greater 
than 99% of the contaminant loading during the remainder of Period II.   
3.3.1.4 Phase III:  EBRT 30 Seconds (day 93-152) 
On Day 93, the start of Period III, the gas flow rate entering the biofilter was 
increased by a factor of two, thereby reducing the EBRT to 30 seconds. Because the 
influent VOC concentrations remained the same as in previous periods, the organic loading 
rate to the biofilter increased by a factor of two. Understanding the effect of increased 
loading rate on treatment performance following the change to an EBRT of 30 seconds is 
somewhat complicated by the fact that an unexpected power shutdown temporarily halted 
the flow of VOCs and humidified air for about 10 hours on day 93. On day 94, 
approximately 2.5 hours after restarting VOC and air flow to the biofilter, the removal 
efficiency of methyl ethyl ketone, methyl propyl ketone, n-butyl acetate, and toluene were 
80%, 50%, 44%, and 11%, respectively. The overall VOC removal efficiency was 50%. 
Treatment performance subsequently increased, with n-butyl acetate removal increasing to 
greater than 99% after three days, and removal of methyl ethyl ketone and methyl propyl 
ketone increasing to greater than 99% after eight days (Day 101). Toluene removal was 
more variable and increased more slowly but eventually increased to greater than 99% by 
day 117, twenty three days after the increase in loading rate. In terms of overall VOC 
removal, performance increased to over 90% removal by day 103 (10 days following the 
reduction in EBRT to 30 seconds), and finally reached greater than 99% removal on Day 
117 where it maintained stable for the remainder of the Period III loading condition.   
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Contaminant profiles within the biofilter bed during Period III studies (EBRT of 30 
seconds) are depicted in Figure 3.4. The data are the average of samples collected from 
days 101 to 152. As shown in the figure, an average of 87% of the n-butyl acetate was 
removed in the first 25 cm of the biofilter, 98% after 50 cm, and more than of 99% 
removal was observed at 75 cm height and above. An average of 77% of the influent 
methyl ethyl ketone was removed in the first 25 cm of the column. At 50 cm, an average of 
98% of the methyl ethyl ketone was removed, and at 75 cm and beyond, no methyl ethyl 
ketone was detected. For methyl propyl ketone, an average of 62% of was removed in the 
first 25 cm, 93% was removed at 50 cm, and at heights of 75 cm and higher, more than 
99% of the methyl propyl ketone was removed. The removal profile for toluene, on the 
other hand was somewhat different than for the other compounds. On average, only 15% 
of the influent toluene was removed in the first 25 cm of the biofilter, 41% at 50 cm, 77% 
at 75 cm, 91% at 100 cm of biofilter height, and an average of 96% toluene removal was 
achieved at the outlet (125 cm). CO2 concentration profiles along the height of the biofilter 
(shown as Figure 3.5) indicate that CO2 production was closely correlated with VOC 
removal; more CO2 was generated in the lower portions of the biofilter where more VOC 
removal was observed.  
The contaminant removal profiles along the height of the biofilter bed are 
consistent with those reported by other researchers for laboratory-scale biofilters and 
biotrickling filters treating simulated paint spray booth waste gas streams. For example, 
Kazenski and Kinney (2000), Park et al. (2002) and Song et al. (2002) all reported that 
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Figure 3.4 VOC removal profiles along the biofilter height during Period III 
experiments (EBRT of 30 seconds). 
 
 
 
 
 
 
 
 
Figure 3.5 CO2 profiles along the biofilter height during Period III of experiment 
(EBRT of 30 seconds). 
 
ethyl 3-ethoxypropionate was most quickly degraded followed by n-butyl acetate, then 
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Webster et al. (1998) for bench-scale and pilot-scale biotrickling filters treating a mixture 
of toluene, xylene, methyl ethyl ketone, and n-butyl acetate. A mass transfer limitation 
brought about because of the high Henry’s Law constant and low solubility of toluene (in 
contrast to that of ketones and esters) has been hypothesized as reason for its low removal 
rate near the inlet of biofilters treating VOC mixtures; however, experiments 
demonstrating that toluene can be rapidly removed when other constituents (e.g., ethyl 
acetate or ketones) are absent (Deshusses et al., 1999; Park et al., 2002; Song et al., 2002) 
suggests that substrate inhibition or catabolic repression likely occurs in systems treating 
mixtures of ketones or esters and toluene. The data from the study described herein 
suggests that such effects apparently occur in systems dominated with fungi as well as 
bacteria.  
3.3.1.5 Phase IV:  EBRT 15 Seconds (day 153-180) 
On Day 153, the start of Period IV, the gas flow rate entering the biofilter was 
increased by a factor of two, thereby reducing the EBRT to 15 seconds. Because the 
influent VOC concentrations remained the same as in previous period, the organic loading 
rate to the biofilter increased by a factor of two. As shown in Figure 3.2, the overall VOC 
removal was greater than 99% on day 154, one day after increasing the loading rate, and it 
was 95% or greater for the remainder of the Phase IV loading condition. As shown in 
Figure 3.3, methyl ethyl ketone, methyl propyl ketone, and n-butyl acetate removal were 
consistently greater than 99%. Toluene removal was more variable, ranging from 68% to 
greater than 99% with an average of 95% removal. The average total VOC removal during 
this loading condition was approximately 99% percent on a mass basis. 
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The rapid increase in contaminant degradation rate following the increase in 
loading rate when the EBRT was reduced to 15 seconds was somewhat surprising 
considering the rather lengthy period (10 days) required to achieve greater than 90% 
removal efficiency when the EBRT was changed from 60 seconds to 30 seconds. The lack 
of an appreciable lag period may have been caused by a shift in composition of the fungal 
population. As described in the following section, several fungal species not originally 
inoculated into the biofilter were actively growing in the system at the conclusion of the 
biofilter experiments. It may be that the spatial distribution and relative abundance of 
fungal species capable of higher growth rates and higher biodegradation rates colonized the 
system over time.  
Contaminant profiles within the biofilter bed for Phase IV studies (EBRT of 15 
seconds) are depicted in Figure 3.6. Results are the average of replicate measurements 
conducted from day 154 to 180. As shown in the figure, the pattern of contaminant 
removal along the height of the biofilter at an EBRT of 15 seconds was similar to that at an 
EBRT of 30 seconds. As was observed at 30 second EBRT, n-butyl acetate was removed 
most quickly followed by methyl ethyl ketone, methyl propyl ketone, and lastly, toluene. 
For n-butyl acetate, the removal profile at an EBRT 15 second was essentially identical to 
that observed at 30 seconds. For the other three compounds, there was a small but readily 
apparent shift in the zone of biodegradation, with contaminants penetrating further along 
the length of the column at the higher gas flow and loading rate than was observed at an 
EBRT of 30 seconds. CO2 concentration profiles measured along the height of the biofilter 
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during Period IV (shown as Figure 3.7) also demonstrate that VOC degradation took place 
throughout the bed depth. 
 
Figure 3.6 VOC removal profiles along the biofilter height during Period IV 
experiments (EBRT of 15 seconds). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 CO2 profiles along the biofilter height during Period IV experiments 
(EBRT of 15 seconds). 
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were 12.6 g·m-3·h-1 for methyl ethyl ketone, 46.9 g·m-3·h-1 for methyl propyl ketone, 16.4 
g·m-3·h-1 for n-butyl acetate, and 16.5 g·m-3·h-1 for toluene. The average total elimination 
capacity of the biofilter (sum of elimination capacities for all VOCs) at an EBRT of 15 
seconds was approximately 92 g·m-3·h-1.   
Most biofilters reported in the literature for treatment of paint VOCs, presumably 
containing primarily bacteria rather than fungi because of their inoculum source and 
neutral pH, have operated at EBRTs range from 40 seconds to 2 min with loading rates in 
the range of 6 to 40 g.m-3·h-1) (Kazenski and Kinney, 2000; Webster et al., 1998; Park et 
al., 2002; Song et al., 2002). The fungal biofilter in this study exhibited stable long-term 
performance with high VOC removal efficiency (greater than 99%) at very low EBRTs (15 
seconds) and high loading rates (92 g·m-3·h-1). The results indicate that fungal biofilters are 
a feasible alternative for treating paint spray booth off-gases, and that such systems may 
offer the advantage of higher degradation rates than bacterial systems.   
3.3.2 Headloss, pH and Porosity 
A potential disadvantage of fungal biofilters (as opposed to bacterial systems) that 
has been mentioned in the literature, although it has not been extensively studied, is that 
fungal biomass may clog the pore spaces of the packing medium more rapidly than 
bacteria causing high headloss and therefore requiring more energy to move air through the 
biofilter. Headloss was measured in the biofilter on three different days (days 1, 82, and 
173) each of which had a different gas flow rate. The total headloss across the packed bed 
was 1.1 cm water on day 1 (EBRT of 120 seconds), 1.8 cm water on day 82 (EBRT of 60 
seconds), and 2.3 cm water on day 173 (EBRT 15 seconds). The low headloss associated 
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with the system even after long-term operation (173 days) and at high gas flow rates 
(EBRT of 15 seconds) indicates that clogging was not a serious concern. In fact, this 
headloss observed in this system is much lower than that reported for most biofilters 
operated at comparable gas flow rates. It should be noted, however, that the use of high 
porosity polyurethane foam packing medium in the biofilter described herein may have 
mitigated any adverse effects of excessive fungal growth.  
The pH was measured four times (on days 82, 121, 152, and 173) at locations of 0 
cm, 25 cm, 50 cm, and 100 cm (distances measured starting from the biofilter inlet). The 
pH of the liquid on the surface of packing medium averaged 3.0 at 0 cm, 2.75 at 25 cm, 
2.75 at 50 cm, 3.0 at 75 cm, and 3.0 at 100 cm along the biofilter height. When inoculating 
the biofilter, the pH was 5.0, the same as the culture media. The pH of the nutrient liquid 
drained from the biofilter following the regular nutrient addition procedure was also 5.0. 
However, fungi in the biofilter reduced the pH of the aqueous phase associated with the 
packing medium to a lower value during the interval between weekly nutrient additions. 
Rapid declines in pH have been observed in many biofilters previously reported in the 
literature, particularly those studied for treatment of compounds containing reduced sulfur 
and nitrogen constituents (Corsi et al., 1995). In bacterial biofilters, because most bacteria 
grow best near neutral pH, substantial efforts are sometimes required to maintain a neutral 
pH condition (Ramirez-Lopez et al. 2000). For the fungal biofilter described in this 
research, the pH decrease did not have any apparent adverse impact on VOC removal 
efficiency. In fact, the low pH conditions may be more favorable for fungal growth than 
the initial pH of the nutrient solution.  
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The porosity measured in each of the biofilter column sections on day 181 is 
depicted in Figure 3.6. The data clearly indicate that the three sections closest to the inlet 
had a markedly lower porosity than did column sections further along the height closer to 
the outlet. The lower porosity, corresponding to a greater quantity of biomass occupying 
pore space, observed in the lower portions of the column is consistent with the degradation 
profiles shown in Figure 3.8. A larger quantity of biomass (lower porosity) was observed 
in the sections closest to the inlet where the majority of contaminant removal occurred. 
 
Figure 3.8 Porosity of each column section of the biofilter bed during the continuous 
VOC loading condition (data from day 181).  
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light color were readily visible on the surface of packing media in the central part of 
biofilter, contrasting with the gray color of the packing medium and the dark color of the 
Cladosporium sphaerospermum. From Day 103 onward, an additional type of fungus with 
white hypha began to grow in scattered portions of the biofilter from the inlet to 
approximately 75 cm in height. These visual observations clearly indicated that over time, 
multiple species of fungi proliferated in the biofilter in addition to the initially inoculated 
species. At the end of experiment, the biofilter sections were disassembled, and fungi were 
isolated and tentatively identified on the basis of partial 28S rDNA sequences.  
In addition to Cladosporium sphaerospermum, fungal isolates tentatively identified 
based on partial 28S rRNA gene sequences (closest match using MicroSeq or NCBI 
databases) included Penicillium brevicompactum, Exophiala jenselmei, Fusarium 
oxysporum, Fusarium nygamai, Talaromyces flavus, and Fonsecaea pedrosi. These 
additional fungal species presumably entered the biofilter via the air introduced to the 
system on a continuous basis or via the nutrient solution that was added approximately 
once per week. Because fungal spores are commonly found in both indoor and outdoor air 
(Bennie, 1991; McGrath et al., 1999), introduction of fungal species via the influent air 
would not be surprising. Evidence of fungal species being introduced to biofilters through 
airborne sources is also supported by previously reported biofilter experiments (Agathos et 
al., 1997). Additionally, the Exophiala lecanii-corni culture used in a laboratory-scale 
biofilter by Woertz et al. (2001) was suspected to have been introduced to the system via 
the biofilter’s air supply. Although selective plate counts techniques were not conducted to 
determine whether bacteria were present in the biofilter column in the studies described 
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herein, the frequent (once per week) addition of antibiotics likely minimized or prevented 
their growth in the system. 
Because the spatial distribution and relative abundance of the various fungal 
species present in the system were not determined, it is not possible from the data collected 
in this study to conclusively determine the role that each may have played in 
accomplishing contaminant removal. However, because several of the additional fungal 
species identified in the biofilter have been reported to have the capacity of biodegrading 
VOCs it is likely that species other than just the Cladosporium sphaerospermum 
contributed to contaminant degradation. For example, in previously reported biofilter 
systems, Exophiala jenselmei was found to be capable of degrading toluene and other 
VOCs (Cox et al., 1996, 1997). Agathos et al. (1997) reported that Fusarium oxysporum is 
capable of degrading methyl ethyl ketone in bioreactors treating gas-phase contaminants, 
and Penicillium brevicompactum has been observed to degrade PAHs (Giraud et al., 2001). 
The notion that airborne fungi can biodegrade VOCs is further supported by a study related 
to indoor air quality by McGrath et al. (1999) in which fungal mycelium and conidia of 
Cladosporium and Penicillium sp. observed on air filters in a building’s ventilation system 
were found to release lower VOC concentrations than were released by noncolonized 
filters. The visual observation that one or more of the additional fungal species appeared to 
increase in relative abundance on days 63 and 103, approximately the same times that 
improved treatment performance was observed following the increase in relative humidity 
on day 52 and the increase in loading rate on day 93, further suggests that presence of 
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multiple fungal species contributed to contaminant removal in the biofilter described 
herein. 
Regardless of the source of the additional fungal species present in the biofilter, 
their presence indicates that maintaining a pure culture or a defined mixed culture of fungi 
would be difficult or impossible in a full-scale application. Although a specific inoculum 
can influence bioreactor performance over prolonged periods of time, multi-species fungal 
populations will likely occur in full-scale biofilters and may provide a wider variety of 
degradation pathways available for removing VOC mixtures present as gas-phase 
contaminants. Manipulation of the pH and other environmental conditions in biofilters to 
favor growth of fungi may be sufficient to encourage growth of airborne fungi capable of 
degrading VOCs of concern. 
3.4 Conclusions 
A laboratory-scale biofilter packed with a cubed polyurethane foam media and 
inoculated with a fungal culture was operated for a period of 180 days to treat a waste gas 
containing a four-component VOC mixture representative of solvents present in off-gases 
emitted by industrial painting operations. Results demonstrate that: 
• Fungal biofilters can be successfully employed to biodegrade mixtures of n-butyl 
acetate, methyl ethyl ketone, methyl propyl ketone, and toluene from waste gas streams 
representative of paint spray booth off-gases.   
• When the influent gas stream was properly humidified, the system exhibited stable 
long-term performance with an average total VOC removal greater than 98% even 
when operated with an EBRT as low as 15 seconds and a loading rate of 92 g·m-3·h-1. 
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When the influent gas stream contained relatively low moisture content (e.g., 45% 
relative humidity) lower treatment performance was observed. 
• The pattern of VOC removal in the fungal biofilter was similar to that previously 
observed for bacterial systems. VOC concentration profiles measured along the height 
of the biofilter revealed that n-butyl acetate was most readily degraded, followed by 
methyl ethyl ketone, methyl propyl ketone, and then toluene.   
• Results also indicate that it would be difficult and perhaps unnecessary to maintain 
pure cultures or defined mixed cultures in full-scale fungal biofilters treating paint 
spray booth emissions. Although the column was initially inoculated with only 
Cladosporium sphaerospermum several additional species of airborne fungi including 
Penicillium brevicompactum, Exophiala jenselmei, Fusarium oxysporum, Fusarium 
nygamai, Talaromyces flavus, and Fonsecaea pedrosi were found growing attached to 
the packing medium by the end of experiment. Growth of diverse fungal species may 
help to develop a stable and efficient microbial population capable of achieving high 
VOC removal rates in biofilters.  
3.5 References 
Agathos, S.N., Hellin, E., Ali-Khodia, H., and Deseveaux S. (1997). “Gas-phase 
methyl ethyl ketone biodegradation in a tubular biofilm reactor: microbiological 
and bioprocess aspects.” Biodegradation, 8(4), 251-264. 
  
Binnie, P.W.H. (1991). “Biological pollutants in the indoor environment.” In: Indoor 
Air Pollution: Radon, Bioaerosols, and VOC’s, Edited by Kay, J.G., Keller, G.E., 
and Miller, J.F., Lewis Publishers, 13-24. 
 
Christen, P., Domenech, F., Michelena, G., Auria, R., and Revah, S. (2002). 
“Biofiltration of volatile ethanol using sugar cane bagasse inoculated with Candida 
utilis.” J. Hazardous Materials, 89(2-3), 253-265. 
 
  71
Corsi, R.L., and Seed, L. (1995). “Biofiltration of BTEX: media, substrate, and 
loadings effects.” Environ. Progress, 14(3): 151-158. 
  
Cox, H.H.J., Magielsen, F.J., and Doddema, H.J. (1996). “Influence of the water 
content and water activity on styrene degradation by Exophiala jeanselmei in 
biofilters.” Appl. Microbiol. Biotechnol., 45(6), 851-856. 
  
Cox, H.H.J., Moerman, R.E., van Baalen, S., van Heiningen, W.N.M., Doddema, H.J., 
and Harder, W. (1997). “Performance of a styrene-degrading biofilter containing 
the yeast Exophiala jeanselmei.” Biotechnol. and Bioengineering, 53(3), 259-266. 
 
Deshusses, M.A., Hamer, G., and Dunn I.J. (1995). “Behavior of biofilters for waste air 
biotreatment. 2. Experimental evaluation of a dynamic model.” Environ. Sci. 
Technol., 29(4), 1059-1068. 
 
Deshusses, M.A., Johnson C.T., and Leson G. (1999). “Biofiltration of high loads of 
ethyl acetate in the presence of toluene.” J. Air and Waste Manage. Assn., 49(8), 
973-979. 
 
Devinny, J.S., Deshusses, M.A, and Webster T.S. (1999). Biofiltration for Air 
Pollution Control. Lewis Publishers, Boca Raton, FL. 
 
García-Peña, E.I., Hernández, S., Favela-Torres, E., Auria, R., and Revah S. (2001). 
“Toluene biofiltration by the fungus Scedosporium apiospermum TB1.” 
Biotechnol. and Bioengineering, 76(1), 61-69. 
 
Giraud, F., Guiraud, P., Kadri, M., Blake, G., and Steiman, R. (2001). “Biodegradation 
of anthracene and fluoranthrene by fungi isolated from an experimental constructed 
wetland for wastewater treatment.” Water Res., 35(17), 4126-4136. 
 
Gostomski, P.A., Sisson, J.B., and Cherry, R.S. (1997). “Water content dynamics in 
biofiltration: the role of humidity and microbial heat generation.” J. Air and Waste 
Manage. Assn., 47(9), 936-944. 
 
Kazenski, S.L., and Kinney, K.A. (2000). “Biofiltration of paint spray booth emissions: 
packing media considerations and VOC interactions.” Proc., 2000 Annu. Meeting 
and Exhibition of  Air & Waste Mgmt. Assn., Salt Lake City, UT. 
 
Kim, B.R.; Zinbo, M.; Adams, J.A.; and Young, W.C. (2000a). “Nonbiodegradable 
organic compounds found in automotive spraybooth scrubber water.” Water Envir. 
Res., 72(4), 405-412. 
 
  72
Kim, B.R., Adams, J.A., Klaver, P.R., Kalis, E.M., Contrera, M., Griffin; Davidson, J.; 
and Pastick, T. (2000b). “Biological removal of gaseous VOCs from automotive 
painting operations.” J. Envir. Engrg., ASCE, 126(8), 745-753. 
 
Moe, W.M., and Li, C. (2004). “Comparison of continuous and sequencing batch 
operated gas-phase biofilters for treatment of MEK.” J. Envir. Engrg., ASCE, 
130(3), 300-314. 
 
McGrath, J.J., Wong, W.C., Cooley, J.D., and Straus, D.C. (1999). “Continually 
measured fungal profiles in sick building syndrome, Current Microbiology, 38 (1), 
33-36. 
 
Park, J., Kinney, K.A., and Moe, W.M. (2002). “Investigation of polyurethane foam 
biofilter: effect of operating mode and nutrient supply.” Proc., 95th Annu. Meeting 
of Air & Waste Mgmt. Assn., Baltimore, MD, June 23-27, 2002. 
 
Qi, B., Moe, W.M., and Kinney, K.A. (2002). “Biodegradation of volatile organic 
compounds by five fungal species.” Applied Microbiol. Biotechnol, 58(5), 684-689. 
 
Ramirez-Lopez, E.M., Montillet, A., Comiti, J., and Le Cloirec, P. (2000). 
“Biofiltration of volatile organic compounds – application to air treatment.” Water 
Sci. Technol, 41(12), 183-190. 
 
Song, J., Kinney, K.A., Boswell, J.T., and John, P.J. (2002). “Performance of a 
compost-based hybrid bioreactor for treatment of paint spray booth emissions.” 
Paper no. 43055, Proc., 95th Annu. Meeting of Air & Waste Mgmt. Assn., 
Baltimore, MD, June 23-27, 2002. 
 
Swift, C.S. (2002). “Results of full-scale installation and comparison of biofilter 
operations.” Paper no. 43375, Proc. 95th Annu. Meeting of Air & Waste Mgmt. 
Assn., Baltimore, MD, June 23-27, 2002. 
 
US EPA (2002a). Regulatory Impact Analysis for the Proposed Automobile and Light 
Duty Truck Coating NESHAP: Final Report. EPA-452/R-01-013. 
 
US EPA (2002b). “National emission standards for hazardous air pollutants: Surface 
coating of large appliances; Final rule.” Federal Register, 67(141), 48254-48288. 
 
US EPA (2002c). National Emission Standards for Hazardous Air Pollutants 
(NESHAP) for Source Category: Miscellaneous Metal Parts and Products Surface 
Coating Operations – Technical Support Document. EPA-453/R-02-0006. 
 
  73
US EPA (2001). National Emission Standards for Hazardous Air Pollutants 
(NESHAP) for Source Category: Metal Furniture Surface Coating – Technical 
Background Information for Proposed Standards. EPA-453/R-02-0006. 
 
van Groenestijn, J.W., Liu, J.X. (2002). “Removal of alpha-pinene from gases using 
biofilters containing fungi.” Atmospheric Environment, 36(35), 5501-5508. 
 
van Groenestijn, J.W., van Heiningen, W.N.M., and Kraakman, N.J.R. (2001). 
“Biofilters based on the action of fungi.” Water Sci. Technol, 44(9), 227-232.  
 
Weber, F.J., Hage, K.C., and de Bont, J.A.M., (1995). “Growth of the fungus 
Cladosporium sphaerospermum with toluene as the sole carbon and energy 
source.” Appl. Environ. Microbiol., 61(10), 3562-3566. 
 
Webster, T.S., Tongna, A.P., Guarini, W.J., and McKnight, L. (1998). “Treatment of 
volatile organic compound emissions from a paint spray booth application using 
biological trickling filtration.” Proc. USC-TRG Conf. on Biofiltration, Los Angeles, 
CA, Oct. 1998. 
 
Woertz, J.R., Kinney, K.A., McIntosh, N.D.F., and Szaniszlo P.J. (2001). “Removal of 
toluene in a vapor-phase bioreactor containing a strain of the dimorphic black yeast 
Exophiala lecanii-corni.” Biotechnol. and Bioengineering, 75 (5), 550-558. 
 
Woertz, J.R., van Heiningen, W.N.M., van Eekert, M.H.A., Kraakman, N.J.R., Kinney, 
K.A., and van Groenestijn, J.W. (2002). “Dynamic bioreactor operation: effects of 
packing material and mite predation on toluene removal from off-gas. ” Applied 
Microbiol. Biotechnol., 58 (5), 690-694. 
 
 
 74
CHAPTER 4. PERFORMANCE OF A FUNGAL BIOFILTER TREATING A 
SIMULATED PAINT SOLVENT MIXTURE DURING INTERMITTENT 
LOADING CONDITIONS* 
 
4.1 Introduction 
The inherent nature of most processes that generate VOC contaminated gases 
results in frequent periods in which the influent VOC content is very low or completely 
absent. Interruption in VOC generation may be due to facility operation during only a 
fraction of the day (e.g., 8 hour work days), operation during only a fraction of the week 
(e.g., no operation on weekends), or longer shutdown periods (e.g., holiday breaks or 
facility re-tooling and process changes). It is hypothesized that the transient response of a 
biofilter during the time interval when contaminant loading resumes after a period no 
loading depends on the composition of the microbial population, the duration of the 
starvation period, the nature of contaminants supplied, and the rate that contaminants enter 
the system following resumption of loading. Microbial responses to the “starvation” 
conditions imposed when extracellular electron donors are not readily available can 
include degradation of intracellular storage products, change in enzyme concentrations, 
change in metabolic pathways expressed, formation of spores or other resistant structures, 
and cell death. Because microbial species differ in their rate of decay when subjected to 
starvation conditions, a sufficiently long period of starvation can also alter the relative 
abundance of species in the consortia (Characklis et al., 1990).  
A limited number of researchers have evaluated the effect of short-term 
discontinuous contaminant generation (i.e., contaminant generation during only part of 
each day) on performance of bioreactors treating gas-phase contaminants (Dirk-Faitakis 
* Reprinted by permission of Water Research 
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and Allen, 2000; Irvine and Moe 2001; Fitch et al., 2002). Although contaminant removal 
was sometimes diminished for the first few hours following re-start, relatively short-term 
periods (e.g., 8 to 16 hours) of no contaminant loading on a regular basis (e.g., once per 
day) generally did not adversely affect long-term performance. All of these studies, 
however, were conducted with single-component waste gas streams, and thus, it has not 
yet been demonstrated what effect daily periods of no loading will cause in performance of 
biofilters treating multi-component VOC mixtures typical of industrial operations.  
In experiments where the influent contaminant loading was suspended for a longer 
period (2 days to 2 weeks) diminished contaminant removal for a period lasting several 
hours or even days following resumption of contaminant loading has been reported (Martin 
and Loehr, 1996; Mohseni et al., 1998; Webster et al., 1999; Wani et al., 2000; Métris et 
al., 2001; Park and Kinney, 2001; Cox and Deshusses, 2002). In these studies, the length 
of time required to resume high contaminant removal efficiency depended on the duration 
of the shutdown period, with longer duration shutdown periods generally requiring longer 
time for the biofilter to recover.  
Most biofilters used to treat gas-phase contaminants contain undefined mixed 
cultures of microorganisms generally thought to be comprised primarily of bacteria 
because of the inoculum source and buffering at neutral pH (Devinny et al., 1999; van 
Groenestijn et al., 2001). Recent research suggests that fungi can degrade a variety of 
VOCs at rates equal or greater than those observed in bacterial systems (Cox et al., 1997; 
García-Peña et al., 2001; van Groenestijn et al., 2001; Woertz et al., 2001, 2002; Christen 
et al., 2002; van Groenestijn and Liu, 2002; Qi et al., 2003 Although fungal biofilters 
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appear to have great potential as an air pollution control technology, there have not been 
any reports of fungal biofilters being tested under diurnal loading conditions, and only one 
study (Woertz et al., 2001) examined the effect of a long-term period of no contaminant 
loading in a fungal biofilter. Additionally, these previously reported studies were 
conducted in biofilters treating single-contaminant gas streams. 
The results presented in Chapter 3 of this dissertation indicate that fungal biofilters 
can be used effectively to remove and biodegrade the multi-component VOC mixtures 
emitted by industrial painting operations. The contaminants present in paint spray booth 
off-gases includes a mixture of solvents including ketones (e.g., methyl ethyl ketone, 
methyl propyl ketone), aromatic hydrocarbons (e.g., toluene and xylenes), and esters (e.g., 
n-butyl acetate) (Kim et al., 2000). Although it has been established that these VOC 
mixtures can be treated effectively in biofilters subjected to steady loading conditions, 
there have not been any reports of system performance evaluated during discontinuous 
loading.  
In the studies described in this chapter, the fungal biofilter treating the four-
component waste gas stream representative of off-gases from paint spray booths was 
subjected to a variety of transient shut-down conditions, as summarized in Table 4.1, to 
assess system performance during a range of discontinuous VOC loadings expected to 
occur in full-scale applications.  
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4.2 Materials and Methods 
4.2.1 Experimental Apparatus 
This experiment utilized the modular biofilter employed in the study described in 
last chapter. The configuration and assembling method were remained exactly the same as 
described in section 3.2.  
4.2.2 Biofilter Operation 
Prior to the start of the discontinuous loading conditions described in this paper, the 
biofilter was operated at various steady loading conditions for a period of 186 days. 
Performance during the steady loading conditions has been described in chapter 3. The 
biofilter contained an undefined mixed culture of fungal species that included 
Cladosporium sphaerospermum, Penicillium brevicompactum, Exophiala jenselmei, 
Fusarium oxysporum, Fusarium nygamai, Talaromyces flavus, and Fonsecaea pedrosi 
(identified on the basis of partial 28S rDNA sequences). Throughout interval of steady 
loading conditions, the biofilter was continuously supplied with a humidified air flow 
containing a four-component VOC mixture comprised of n-butyl acetate, methyl propyl 
ketone, methyl ethyl ketone, and toluene with target influent concentrations of 99.2 mg/m3 
(26.7 parts per million by volume (ppmv)), 174 mg/m3 (49.6 ppmv), 50.5 mg/m3 (17.2 
ppmv), and 56.6 mg/m3 (11.9 ppmv), respectively. During the final 30 days of the steady 
loading experiments, the empty bed residence time (EBRT) was maintained at 15 seconds 
leading to a total VOC target loading rate of 94.3 g/(m3·h) (mass contaminant supplied per 
unit volume of packing media per unit time). Overall performance was quite good with 
average VOC removal of 98%.  
78  
Following steady loading experiments summarized above (and described in detail 
in the Chapter 3), in studies described herein, the biofilter was subjected to three different 
loading conditions in which the influent VOC supply was intermittently turned off and on 
to assess transient responses of the fungal biofilter following periods of no loading. During 
all three loading conditions, the biofilter was maintained at an EBRT of 15 sec and influent 
VOC target concentrations identical to those described above. Thus, the target VOC 
loading rate was 41.8 g/(m3·h) methyl propyl ketone, 29.8 g/(m3·h) n-butyl acetate, 10.7 
g/(m3·h) toluene, and 12.0 g/(m3·h) methyl ethyl ketone. Time was measured in days from 
the start of intermittent loading. 
In the first loading condition tested (arbitrarily named Period 1), as summarized in 
Table 4.1, the system was operated for 24 days with contaminant loading 8 hours per day, 
7 days per week, to simulate diurnal loading conditions expected where off-gases are 
generated during only a portion of each day. During time intervals when no VOCs were 
added, the biofilter continued to receive humidified air at the same flow rate as it did 
during periods in which VOCs were supplied. Because contaminants were supplied as a 
rate of 94.3 g/(m3·h) for 8 hours per day, the mass of contaminants supplied on a daily 
basis was approximately 754 g/(m3·day).  
In the second loading condition (Period 2), the system was operated with 
contaminant loading 8 hours per day, 5 days per week, to simulate loading conditions 
where off-gases are generated during only a portion of each day and no contaminants are 
generated during weekend shutdown periods. The weekend shutdown consisted of a period 
of 64 hours no VOC loading once per week. The biofilter was subjected to this daytime 
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operation with weekend shutdown loading condition for a total of 21 days (three weekend 
shut-down periods).  
In the third loading condition (Period 3), to simulate loading following extended 
shutdown for re-tooling or other long-term process interruption, the biofilter was operated 
as in Period 2 (loading for 8 hr per day for 5 days) for one week, and then the VOC flow 
was terminated for 9 days before the loading restarted for another 5 days of daytime 
operation. This loading period was carried out over the course of 28 days (two long-term 
shutdown tests). 
During all three periods described above, nutrients were added to the biofilter 
column once per week by filling the column with 10 L of nutrient solution previously 
described in Chapter 3 and draining by gravity. This fill-and-drain method has proven 
adequate for avoiding nutrient limitations in laboratory-scale systems (Woertz et al., 
2002). 
4.2.3 Analytical Techniques 
Gas samples were collected from monitoring ports located at the biofilter inlet and 
outlet using glass, gas-tight syringes equipped with Luer-lok valves (Hamilton, Baton 
Rouge, LA). VOC concentrations were then measured using a Hewlett Packard 6890 series 
gas chromatograph equipped with a DB-624 Special Analysis Column and flame 
ionization detector (FID). Calibration was performed using certified gas standards (BOC 
Gases, Port Allen, LA). 
On-line measurement of CO2 concentrations was achieved by passing a portion of 
the influent or effluent gas stream through a model 130 Genie membrane filter (A+ 
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Table 4.1. Biofilter target loading conditions 
 Period 1. Period 2. Period 3. 
Purpose Assess system 
performance when 
subjected to daytime 
operation 
Assess system 
performance when 
subjected to daytime 
operation combined 
with weekend shut-
down 
Assess system 
performance when 
subjected to daytime 
operation combined 
with long-term (9 
days) shut-down 
 
Days of 
operation 
0-24 25-65 66-94 
VOC 
loading 
schedule 
    7 days per week: 
          8 hr/day on 
          16 hr/day off 
    5 days per week:  
          8 hr/day on 
          16hr/day off  
    2 days per week: 
          24 hr/day off 
    5 days: 
          8 hr/day on 
          16hr/day off  
    9 days:  
          24 hr/day off 
    5 days: 
          8 hr/day on 
          16hr/day off  
 
Corporation, Prairieville, LA) to remove excess moisture prior to analysis by a California 
Analytical Instruments (Orange, CA) model 1312 photoacoustic multigas monitor. The 
instrument was calibrated using various certified CO2 calibration gas standards (BOC 
Gases, Port Allen, LA).  
4.3 Results and Discussion 
4.3.1 Period 1 (Daytime Operation) 
During Period 1 (days 0-24), the biofilter received contaminant loading for a period 
of 8 hours per day, 7 days per week. Typical influent VOC concentrations during the 8-
hour period of VOC loading during this “daytime operation” are depicted in Figure 4.1 
(data from day 13). Time 0 in the figure denotes the start of the 8-hour loading period. 
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Initial experiments (data not shown) indicated that the influent VOC concentration rapidly 
increased after syringe pumps turned on, and a stable influent concentration was generally 
reached within 15 minutes. Consistent with this, as shown in the top graph of the figure, 
the influent concentrations of the four of contaminants rapidly increased to near the target 
loading concentrations within 5 minutes (when the first samples were collected) following 
the syringe pumps being turned on at the start of the 8-hour VOC loading period. As 
shown in the figure, influent VOC concentrations fluctuated somewhat during the loading 
period but were relatively close to the target values. Immediately after syringe pumps 
turned off at the end of the 8-hour loading cycle, influent VOC concentrations rapidly 
decreased, reaching very low concentrations after 30 min and were not detected after one 
hour. Thus, the experimentally observed loading conditions closely matched the target 
loading conditions. 
Figure 4.1  Typical VOC concentrations in the biofilter influent during the 8-hr VOC 
loading period of “daytime operation” (data from day 13). Time 0 corresponds to the 
start of the 8-hr VOC loading period, and the arrow denotes the end of the 8-hr 
loading cycle. 
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As shown in the top graph of Figure 4.2, the pattern of VOC removal during the 8-
hour VOC loading period began with essentially complete removal when the biofilter 
restarted. After 30 min of VOC loading (when the next samples were collected), 
approximately 20% of the influent toluene concentration was detected in the effluent. This 
“breakthrough” of toluene continued at approximately the same rate throughout the 
remainder of the loading period and then decreased to below the detection limit within 30 
min after the loading period ended. No methyl ethyl ketone, methyl propyl ketone, or n-
butyl acetate were detected in the effluent during or after the 8-hour loading period.  
Contaminant concentration profiles measured along the height of the biofilter bed 
prior to the start of discontinuous loading conditions described in this paper, when the 
system was operated at an EBRT of 15 seconds and the same influent concentrations but 
with contaminant loading on a continuous basis were reported in Chapter 3. The n-butyl 
acetate was removed most quickly followed by methyl ethyl ketone, methyl propyl ketone, 
and lastly, toluene. Toluene penetrated furthest into the biofilter column and was the most 
slowly degraded, with approximately 94% removal at the biofilter outlet (125 cm). 
Because toluene was the most slowly degraded of the four compounds and it was not 
completely removed when the system was loaded on a continuous basis, it was not 
surprising that toluene was also observed in the effluent when the system was operated 
with loading for only 8-hours per day. The average toluene removal was 80% during 
Period 1, slightly less than but comparable to the 94% average removal observed in the 
previously reported study in chapter 3when the biofilter operated under continuous 
loading.  
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Figure 4.2 Typical removal efficiency for each of the four VOCs (top, data from day 
13), and typical effluent CO2 concentration (bottom, data from day 15) during Period 
1.  Time 0 in the graphs corresponds to the start of the 8-hr VOC loading period, and 
arrows denote the end of the 8-hr loading cycle. 
 
Effluent CO2 concentrations during the 8-hour loading period of a typical day are 
shown in the bottom graph of Figure 4.2 (data from day 15). As shown in the figure, the 
effluent CO2 concentration rapidly increased from approximately 555 parts per million by 
volume (ppmv) to 800 ppmv during the first hour of VOC loading and then remained stable 
until VOC loading stopped. Then, the effluent CO2 concentration rapidly decreased back to 
a level of approximately 560 ppmv within 1.5 hours. Although influent CO2 concentrations 
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fluctuated somewhat and were not measured on a sufficiently frequent basis to allow 
calculation of a complete carbon balance, the pattern of CO2 production is consistent with 
that expected from biodegradation and further demonstrates that the fungal population was 
able to rapidly recover its biodegradation capacity following the period of no VOC 
loading.  
Overall daily VOC removal efficiency (calculated on a mass basis including all 
four compounds) during daytime operation (Period 1) ranged from 96% to 99% with an 
average of 98% on a mass basis). These data nicely demonstrate that high VOC removal 
efficiency can be achieved by fungal biofilters treating discontinuously generated VOC 
mixtures even when operated at a high loading rate and low residence time. Because 
toluene comprised only about 11% of the mass of VOCs entering the biofilter, high overall 
VOC removal efficiency (e.g., 98%) was possible even when toluene removal was 
somewhat lower (e.g., 80%).  
During all three periods of biofilter operation, the contaminant loading rate entering 
the biofilter deviated somewhat from the target loading condition due to fluctuations in 
both the gas flow rate and the syringe pump flow rates. The VOC loading rate during time 
intervals when contaminants were supplied to the biofilter (calculated using the measured 
VOC concentration and gas flow rate) ranged from 28.4 g/(m3·h) to 146 g/(m3·h). The 
average loading rate, however, was 99.6 g/(m3·h), close to the target loading rate of 94.3 
g/(m3·h). Variation in contaminant loading rate did not cause any obvious effect on 
biofilter performance. 
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4.3.2 Period 2 (Daytime Operation with Weekend Shutdown) 
During Period 2 (days 25-65), the biofilter received contaminant loading for a 
period of 8 hours per day, 5 days per week to simulate conditions expected from painting 
operations operating during only business hours and with weekend shutdown. Figure 4.3 
shows the typical pattern of VOC removal during the 8-hour VOC loading period of the 
first, third, and the fifth day following resumption of contaminant loading after the 
weekend shut-down period (data from days 41, 43, and 45). As shown in the top graph of 
Figure 3, during the first day of VOC loading following the weekend shutdown, no n-butyl 
acetate was observed in the effluent. Methyl ethyl ketone and methyl propyl ketone were 
both observed in the effluent from 1.0 hour after the start of contaminant loading until 2.5 
hours of contaminant loading, reaching minimum removal efficiencies of 70% and 64%, 
respectively, before performance improved to 100% removal 2.5 hours into the loading 
period. Toluene removal reached a minimum of 1% two hours into the loading cycle 
before subsequently increasing to a stable level of approximately 55% removal for the 
remainder of the 8-hour loading period.  
The high removal efficiency (approximately 99%) observed immediately after the 
start of VOC loading following the 2-day shutdown can be readily attributed to VOC 
sorption to the packing medium, biomass, and aqueous phase. The polyurethane foam 
packing medium used in this study has a relatively low sorption capacity for the VOCs 
tested, however, and consequently, the sorption capacity was rapidly exceeded. The overall 
VOC removal decreased to a minimum of 82% after 30 minutes before performance 
rapidly improved, reaching an average of 96% two hours after VOC loading started. The 
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removal efficiency then remained stable until the end of VOC loading. The average daily 
total VOC removal observed on the first day following the weekend shutdown was 94% 
(average of the three replicate experiments).  
In the third and fifth days following resumption of contaminant loading, as shown 
in Figure 4.3, VOC removal was relatively stable with complete removal of n-butyl 
acetate, methyl ethyl ketone and methyl propyl ketone. Toluene removal was more variable 
than the other compounds, but because it comprised only about 11% of the influent 
contaminant loading, variation in overall VOC removal efficiency caused by variation in 
toluene removal was relatively minor, less than 5%. Average toluene removal was 68% in 
the third day and 79% in the fifth day following the 2-day shutdown. Average total VOC 
removal was 97% for both the third and fifth days. Overall VOC removal efficiency during 
weeks that included weekend shutdown (Period 2) was 96%, slightly lower than that of 
daytime operation without weekend shutdown (Period 1).  
Results obtained from weekend shutdown experiments (Period 2) indicate that less 
than 2.5 hours was required before overall VOC removal efficiency returned to higher than 
95% following the initial performance decline on the first day of operation following the 2-
day shutdown. Although a direct comparison is difficult because of differences in 
contaminant types and loading rates, the rapid recovery observed in the fungal biofilter 
described herein compares quite favorably to previously reported results for biofilters 
containing bacteria or undefined mixed cultures subjected to 2-day shutdown periods. For 
example, one day was needed for a biotrickling filter treating styrene (Webster et al., 
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1999), and between 10 and 24 hours was required for biofilters treating toluene (Park and 
Kinney, 2001; Cox et al., 2002).  
The overall performance decline observed during the re-acclimation period of the 
fungal biofilter described here was substantially smaller than that report for other biofilters 
described above. It is not possible from the data collected to unequivocally conclude that 
the predominance of fungi rather than bacteria led to the system’s ability to quickly return 
to high degradation rates following shutdown periods. It is interesting to note, however, 
that in the only other report of fungal biofilter performance following shutdown periods, a 
toluene degrading biofilter reported by Woertz et al. (2001), recovery to high removal 
efficiency was much more rapid than for other toluene degrading biofilters (Park and 
Kinney, 2001; Cox et al., 2002). 
4.3.3 Period 3 (Long-Term Shutdown) 
During Period 3 (days 66-94), the biofilter was subjected to two separate shut-down 
periods lasting 9 days each. During the week before and after each of the long-term 
shutdown periods, the biofilter was operated with contaminant loading for 8 hours per day, 
5 days per week. Removal efficiency for each of the four VOCs during the first day 
following resumption of contaminant loading after one of the 9-day shutdown periods is 
presented in Figure 4.4 (top) along with data from the third day (middle) and fifth day 
(bottom). During the first day of VOC loading, n-butyl acetate was detected in the effluent, 
with removal as low as 64% before it recovered to 100% within 3.5 hours. Likewise, 
methyl ethyl ketone and methyl propyl ketone removal efficiency decreased to minimum 
values of 59% and 42%, respectively, and then recovered to 100% after 3.5 hours. Toluene 
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Figure 4.3 Typical VOC removal efficiency during the 8-hr VOC loading periods 
during a typical week following a weekend shutdown during Period 2 (data from days 
41, 43, 45). (top) The first day after the 2-day VOC shutdown. (middle) The third day 
after the 2-day VOC loading shutdown. (bottom) The fifth day after the 2-day VOC 
loading shutdown. 
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removal was relatively stable, averaging 42% during the first day. Removal efficiency 
averaged over the duration of the loading period in the first day was 93% for n-butyl 
acetate, 92% for methyl ethyl ketone, and 89% for methyl propyl ketone. In terms of total 
VOC removal (considering all 4 VOCs), it reached a minimum of 65% two hours after the 
start of contaminant loading, but it recovered to 95% after only 3.5 hours.  Total VOC 
removal averaged over the first day was 80% in replicate 1 and 90% in replicate 2. 
During the third and fifth days, no methyl ethyl ketone, methyl propyl ketone, or n-
butyl acetate were detected in the biofilter effluent. Toluene removal efficiency on the third 
day (see Figure 4.4, middle graph) was approximately 60% at the start of the loading 
period but gradually increased to approximately 80% at the end of the 8-hour loading 
period. In the fifth day, toluene removal was relatively stable, averaging 85%, comparable 
to that observed during Period 1. For the third day and the fifth day following resumption 
of contaminant loading, the average total VOC removal was 97% and 98%, respectively. 
The overall total VOC removal efficiency during the week following the 9-day shutdown 
was 94%, slightly lower than that observed when the biofilter was subjected to daytime 
operation 7 days per week (Period 1) or daytime operation combined with weekend 
shutdown (Period 2). The rapid recovery following the 9-day shutdown periods in this 
study is consistent with the rapid recovery of a fungal biofilter reported by Woertz et al. 
(2001) who found that a biofilter containing the fungus Exophiala lecanii-corni was able to 
recover to 96% removal efficiency within one hour after an 8.5 day shut-down in a system 
treating toluene contaminated air. Cox et al. (2002) reported that the re-acclimation time 
for toluene removal using a biotrickling filter subjected to continuous loading (rather than 
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intermittent loading as was used in the experiments described herein) after a 9-day 
starvation period was approximately 15 hours to recover to 60% removal and more than 30 
hours to reach 70% removal (the maximum observed in their system).  
From biofilter performance observed in periods 1, 2, and 3, it can be concluded that 
the longer VOC loading was shutdown, the larger the decline in removal efficiency 
following restart, and the longer the re-acclimation time required to recover. Removal 
efficiency for n-butyl acetate and both ketones recovered very rapidly in all loading 
conditions tested, with 16-hour shutdown (Period 1) causing no noticeable adverse effect, 
and just 3.5 hours was needed for the system to return to greater than 99% removal after a 
9-day shutdown (Period 3). The short reacclimation period for these compounds suggests 
that fungi in the system can quickly recover their metabolic and enzymatic activity 
following starvation periods. Even if there was a net decrease in the number of 
metabolically active microorganisms, the decrease was not large enough to have a 
noticeable long-term effect on removal of the ketones or n-butyl acetate.  
In somewhat of a contrast to this, toluene removal was adversely impacted to a 
greater extent and for a longer duration by the interruption in VOC loading than were the 
other compounds. Toluene removal was adversely impacted for at least 3 days following 
both the 2-day (Period 2) and 9-day (Period 3) shutdown periods. This may have been 
caused by a variety of factors. Because the ketones and n-butyl acetate were observed in 
the biofilter effluent during the interval immediately following resumption of contaminant 
loading, they were obviously present along the entire length of the column. The fungi may 
have preferentially used these compounds rather than toluene because of complex 
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Figure 4.4.  Typical VOC removal efficiency during the 8-hr VOC loading periods 
during a typical week following a 9-day shutdown during Period 3 (data from days 
55, 57, 59) (top) The first day after the 9-day VOC shutdown. (middle) The third day 
after the 9-day VOC loading shutdown. (bottom) The fifth day after the 9-day VOC 
loading shutdown. 
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inhibition and/or catabolic repression effects related to the presence of multiple 
constituents. Because contaminant concentration profiles were not measured along the 
column length during the recovery period, it is not known how far these other compounds 
penetrated the column other than when they were observed at the biofilter outlet during the 
first 3.5 hours, so more complete evaluation of potentially inhibitory effects is not possible 
from the data collected. Another potential explanation for the longer reacclimation period 
for toluene is that there may have been a net decrease in the number of fungi capable of 
toluene degradation during the course of the shut-down period, and it may have taken a 
period of several days for them to increase in number. Regardless of the exact cause, 
toluene removal eventually recovered, demonstrating that the system was robust in its 
ability to recover following long-term periods of no VOC loading.  
To mitigate the adverse effects of shut-down periods, previous researchers have 
investigated the effects of adding supplemental contaminants to the biofilter influent to 
maintain biological activity (Webster et al., 1999; Park and Kinney, 2001). For example, 
Park and Kinney (2001) demonstrated that supplementing the influent air flow with only a 
fraction (e.g., 10%) of the normal contaminant loading rate was sufficient to minimize the 
reacclimation time following shutdown periods in a toluene degrading biofilter. Such 
supplemental contaminant addition would not be necessary for the fungal biofilter 
described herein when the system was operated with short-term (e.g., 16-hour) shutdown 
periods; however, addition of supplemental contaminants during extended shutdown 
periods (e.g., 9-days) may be a reasonable method for further minimizing contaminant 
breakthrough following longer periods of no VOC loading. 
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4.4 Conclusions 
• Fungal biofilters can be successfully employed to remove mixtures of n-butyl acetate, 
methyl ethyl ketone, methyl propyl ketone, and toluene from waste gas streams 
representative of paint spray booth off-gases even when contaminants are generated 
during only a fraction of each work day. When operated for 8 hours per day, 7 days per 
week, with an EBRT of 15 seconds and a target loading rate of 94 g/(m3·h), the system 
exhibited stable long-term performance with average total VOC removal of 98%.  
• Weekend shut-down periods caused varying effects on removal efficiency for the 
different compounds. The shutdown had no noticeable adverse affect on removal of n-
butyl acetate while removal of methyl ethyl ketone and methyl propyl ketone was 
adversely impacted for a few hours, and toluene removal was adversely impacted for a 
few days. In spite of the varying response, only 2.5 hours was needed for the total VOC 
removal efficiency to reach 95%. This demonstrates that fungal biofilters can be used 
effectively to treat discontinuously generated solvent mixtures emitted from paint spray 
booths with weekend shutdowns.  
• The fungal biofilter required a longer time interval to recover its high removal 
efficiency following long term (e.g., 9-day) VOC loading shutdown than it did for 
shorter periods of no loading. Nevertheless, complete recovery took only a few days, 
demonstrating that the system was robust in its capacity to recover following long-term 
periods of no VOC loading.  
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CHAPTER 5. TREATMENT OF VOC EMISSIONS FROM REFORMULATED 
PAINT BY NEUTRAL pH BUFFERED BIOFILTERS* 
 
5.1 Introduction 
In recent years, regulatory requirements in the U.S. (U.S. EPA, 2001, 2002a, 
2002b, 2002c) and elsewhere (Bastos et al., 2003) have mandated reductions in emissions 
of volatile organic compounds (VOCs) from industrial painting operations. In the U.S., 
VOCs regulated as Hazardous Air Pollutants (HAPs) are of particular concern. One 
approach for reducing HAP emissions from painting operations is to use paints 
reformulated to replace solvents classified as HAPs (e.g., methyl ethyl ketone and methyl 
isobutyl ketone) with solvents not classified as HAPs from a regulatory perspective (e.g., 
acetone). Although this approach can be used successfully to meet environmental 
regulations in some applications, non-HAP VOCs are still emitted from paint application 
processes, and manufacture of these paints can lead to substantial emissions of both HAP 
and non-HAP VOCs. 
Recently, laboratory-scale tests and full-scale installations have demonstrated that 
biological treatment processes can be an effective technique for controlling VOC 
emissions generated during manufacture (Swift, 2002; Bastos et al., 2003) as well as 
application (Webster et al., 1998; Park et al., 2002; Song et al., 2003) of conventional 
paint. Although there are a limited number of reports that demonstrate biofiltration can be 
an effective technology for removing and destroying VOCs emitted during painting 
operations, there is a continuing need to better understand these systems. There are 
relatively few accounts of paint VOC treatment in biofilters, and as yet, there are no 
* Reprinted by permission of Journal of Air & Waste Management Association. 
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reports in the literature describing application of this technology to the particular blend of 
solvents used in paints reformulated to contain low HAP content (e.g., paints containing 
high concentrations of acetone in lieu of other solvents). Many paint manufacture and paint 
application processes are discontinuous in nature (e.g., in cases where there are 8 hr work 
days), and the effects of intermittent contaminant loading on performance of biofilters 
treating paint VOCs, particularly during bioreactor startup, have not been well-studied.  
Previous research with other waste gas streams indicates that intermittent operation at 
startup can be problematic (Webster et al., 1999). Additionally, relatively little is known 
about the microbial populations involved in the treatment process. 
In the experiments described in this chapter, two biofilters were operated to assess 
the capabilities of biofiltration to remove contaminants from a model waste gas stream 
intended to represent off-gases generated during manufacture of reformulated paint. One 
biofilter was subjected to intermittent loading conditions with contaminants supplied only 
8 hr/day to simulate loading conditions expected at facilities where manufacturing 
operations are discontinuous. The other biofilter was subjected to continuous contaminant 
loading during the initial startup period and then was switched to intermittent loading 
conditions. Both biofilters were inoculated with a compost-derived enrichment culture 
grown at neutral pH (pH=7), and both were supplied with a neutral pH nutrient solution at 
regular time intervals. The waste gas composition consisted of a five-component mixture 
of acetone, methyl ethyl ketone, toluene, ethylbenzene, and p-xylene at a total influent 
concentration of 511 parts per million by volume (ppmv). Similar VOC mixtures, though at 
lower concentrations, are expected to occur in emissions from facilities when reformulated 
 98
paint is applied. In cases where recirculating spray booth designs are employed, 
contaminant concentrations in the range of those described herein may be observed 
(Darvin et al., 1998). 
Separate parallel experiments conducted using inocula enriched from the same 
starting compost but which utilized acidic condition (pH=3) are described in Chapter 6 of 
this dissertation. 
5.2 Materials and Methods 
5.2.1 Experimental Apparatus 
Experiments employed two identical glass biofilter column reactors configured as 
shown in Figure 5.1. Each biofilter consisted of five packed sections, each with an inner 
diameter of 9.9 cm and a height of 25 cm, plus a top and a bottom. The column section 
closest to the inlet was filled with 20 cm height of packing medium, and the remaining four 
section were each filled to a height of 25 cm of packing medium (approximately 40 g dry 
mass per section) providing a total bed depth of 1.2 m and a total packed bed volume of 
9.2 L. Perforated stainless steel plates located at the bottom of each section supported the 
packing medium which consisted of reticulated polyurethane foam cubes (Honeywell-PAI, 
Lakewood, CO) cut to approximately 1.25 cm per side. Glass marbles were placed in the 
bottom plenum to evenly distribute air flow entering the biofilter. 
Contaminant-free compressed air passed through a pressure regulator (Arrow 
Pneumatics, Broadview, IL) and rotameters (Cole-Parmer, Vernon Hills, IL) to measure 
and regulate flow rates. Approximately 95% of the influent air stream for each biofilter 
column passed through an aeration stone submerged in a 20 L glass carboy filled with 
deionized water and heated with electrical heating tape. The remaining 5% of airflow to 
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each biofilter was directed through two glass injection ports where VOCs were supplied 
using syringe pumps (KD Scientific Inc., New Hope, PA) equipped with glass gas-tight 
syringes (Hamilton, Reno, NV). Acetone and methyl ethyl ketone were combined together 
in one syringe, and toluene, ethylbenzene, and p-xylene were combined together in 
another. Each VOC injection port consisted of a glass tube with airtight compression seals 
and a side-port where a Thermogreen LB-1 half-hole septum (Supelco, Belefonte, PA) was  
 
 
 
 
 
 
 
 
Figure 5.1.  Schematic diagram of laboratory-scale biofilter system. 
inserted to allow syringe needle insertion. To minimize contaminant sorption to the 
experimental apparatus, all surfaces contacting the VOC contaminated air stream were 
made of glass, Teflon, or VitonTM. When biofilters were operated under discontinuous 
loading conditions, microprocessor-based controllers (Model XT, Chron-Trol Corp., San 
Diego, CA) turned syringe pumps on and off as needed. 
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5.2.2 Enrichment Culture and Biofilter Inoculation  
The biofilters were inoculated with an enrichment culture derived from a mixture of 
composted wood waste (LSU Facility Services, Baton Rouge, LA) and composted 
municipal wastewater sludge (Nation’s Best, Baton Rouge, LA). A mass corresponding to 
500 g dry weight of each compost was added to 2.0 L of nutrient solution. The resulting 
slurry was manually stirred, and then liquid was decanted while retaining large solids. 
Decanted liquid was then diluted with nutrient solution, and a 3.5 L volume was 
transferred into a 4.0 L glass kettle reactor. The glass kettle reactor was then operated as a 
sparged-gas reactor to enrich for microorganisms able to degrade VOCs used in 
subsequent biofilter experiments. The reactor stirred by a Teflon-coated magnetic stir bar, 
was supplied with a VOC-contaminated air stream that entered via a gas diffuser stone. 
The contaminated air stream was produced by injecting liquid VOCs from glass gas-tight 
syringes by means of a syringe pump at a rate of 0.05 mL/hr per 1.5 L/min air flow. 
Individual VOCs (ACS reagent grade) were sequentially supplied to the enrichment culture 
as single-components for 12-hr intervals (e.g., 12 hr only acetone, then 12 hr only toluene, 
etc.). On a regular basis, biomass was wasted by removing a portion of the liquid from the 
sparged-gas reactor and replacing with an equal volume of freshly-prepared nutrient 
solution.  The reactor was maintained at pH 7 by adding 1 M HCl or 5 M NaOH as 
necessary. 
Ability of the microbial population in the sparged-gas reactor to degrade each VOC 
was evaluated by measuring oxygen uptake rate (OUR) under endogenous conditions and 
when spiked with each of the VOCs. In the experimental procedure, 200 mL of biomass 
 101
suspension was transferred from the sparged-gas reactor into a separate beaker that was 
purged continuously with uncontaminated air. OUR of 5.0 mL sub-samples removed from 
the beaker were measured as a function of time during the period when the sample was 
aerated but no VOCs were supplied using a YSI 5300 Biological Oxygen Monitor (Yellow 
Spring Instrument Co., Yellow Springs, OH).  Once OUR reached a stable level indicating 
endogenous respiration (approximately 1 hr), 0.5 µL of VOC (neat) was spiked into the 5.0 
mL sample. OUR was then measured after contaminant spiking, with separate spiked OUR 
tests conducted for each VOC. 
 
 
 
 
 
 
 
 
Figure 5.2 Increase in OUR following spiking of each contaminant in sub-samples 
removed from sparged-gas reactor. 
 
As shown in Figure 5.2, by day 8, the culture in the reactor showed an increase in 
OUR following spiking by all of the ketones (acetone, MEK, and MIBK).  There was no 
increase in OUR following spiking for toluene, ethylbenzene, and p-xylene in the sparged-
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microorganisms, from day 8 to day 25, only the aromatic compounds were supplied to the 
reactor.  As shown in Figures 5.2, microbial population was able to degrade all of the 
VOCs by day 25.  It is interesting to note that the change in OUR (∆OUR) after spiking of 
ketones was found increase from day 8 to 25 even though those compounds were not 
supplied to the sparged-gas reactor.   
Starting on day 25, the schedule of contaminant loading was returned to the same 
pattern for all VOCs as it used to be during day 1 to 8. However, the change in OUR 
following spiking (∆OUR) began to decrease.  It was suspected that this resulted of 
nutrient limitation.  Therefore, in order to increase the nutrient concentration, 1.75 L of 
culture liquid was wasted from reactor on day 77, and 1.75 L of fresh nutrient solution was 
replenished in reactor.  When reactor restarted, the culture liquid wasting (200 mL per day) 
was carried out once per day rather than once every two days.  This resulted in an HRT and 
SRT of 17.5 days in each of the sparged-gas reactors. The total period of culturing lasted 
100 days.   
Spiked OUR measurements indicated that the enrichment culture was able to 
degrade all of the VOCs at the time it was used to inoculate the biofilters. For inoculation 
of the biofilters, biomass suspension grown in the sparged-gas reactor was diluted to a 
volatile suspended solids concentration of 2500 mg/L. Foam packing medium for each 
section of each biofilter was submerged in 1000 mL of the liquid culture in separate 
beakers where it incubated for 15 min before transfer into biofilter column sections. Excess 
liquid was drained by gravity prior to the start of contaminant loading. 
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5.2.3 Biofilter Operation 
During the first 62 days of operation, one of the biofilters (arbitrarily designated 
Biofilter 1) continuously received contaminant loading 24 hr/day. To simulate diurnal 
loading conditions expected where off-gases are generated during only a portion of each 
day, the other biofilter (arbitrarily designated Biofilter 2), was subjected to intermittent 
loading with contaminants supplied only 8 hr/day. During the daily 16-hour interval 
without contaminant loading, Biofilter 2 was supplied with uncontaminated humidified air 
flow at a rate identical to that during the loading condition. Both biofilters were operated at 
an empty bed residence time (EBRT) of 59 seconds. After day 62, Biofilter 1 was operated 
with intermittent loading in a manner identical to that of Biofilter 2 (contaminant loading 8 
hr/day). 
During contaminant loading intervals (8 hr/day in Biofilter 2 and continuously from 
days 1 to 62 in Biofilter 1 and 8 hr/day thereafter), the biofilters were supplied with a five-
component VOC mixture at target influent concentrations and loading rates as summarized 
in Table 5.1. The total target loading rate (expressed as mass of contaminant supplied per 
bioreactor packed bed volume per time) was 80.3 g m-3 hr-1. All experiments were 
conducted at ambient laboratory temperature of 23±2 oC. 
At weekly intervals, nutrients were added to each biofilter column by filling with 
10 L of nutrient solution and draining by gravity. The nutrient solution consisted of the 
following constituents added to deionized water and then adjusting to pH 7.0: NH4NO3 
6.25 g/L, KH2PO4 5.00 g/L, MgSO4·7H2O 2.50 g/L, CaCl·2H2O 0.10 g/L, CuCl2·2H2O 
0.85 mg/L, CoCl2·6H2O 1.20 mg/L, ZnSO4·7H2O 2.90 mg/L, MnSO4·H2O 5.05 mg/L, 
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Na2MoO4·2H2O 1.20 mg/L, NiCl2·6H2O 0.50 mg/L, FeSO4·7H2O 6.80 mg/L. Although 
nutrient addition to full-scale biofilters containing inert packing media is normally 
accomplished by spraying nutrient solution over the medium and allowing it to trickle 
through the packed bed, a fill-and-drain method similar to that described here has proven 
convenient and adequate for avoiding nutrient limitations in laboratory-scale systems. 
Table 5.1.  Summary of biofilter contaminant loading conditions. 
 
 
Compound 
 
Concentration 
(ppmv) 
 
Loading rate 
(g m-3 hr-1) 
Percent of total loading 
rate  
(% by mass) 
Acetone  450 66 82 
Methyl ethyl ketone 12 2.1 2.6 
Toluene 29 6.8 8.5 
Ethylbenzene 10 2.7 3.4 
p-Xylene 10 2.7 3.4 
TOTAL 511 80.3 100 
 
5.2.4 Analytical Techniques 
VOC concentrations in gas samples collected from biofilter monitoring ports using 
glass gas-tight syringes (Hamilton, Reno, NV) were measured using a Hewlett Packard 
6890 series gas chromatograph equipped a DB-624 Special Analysis Column (60 m × 320 
µm × 1.80 µm, Hewlett Packard) and a flame ionization detector (FID) as described 
previously. Calibration was performed using certified gas standards (BOC Gases, Port 
Allen, LA). 
Head loss across the height of each biofilter packed bed was measured using a 
water manometer (Fisher) with head loss recorded to the nearest 1 mm. A Traceable® 
Hygrometer/ Thermometer (Control Company, Friendswood, TX) was used to measure 
relative humidity of air entering the biofilters (exiting the humidification chambers). 
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Measurements indicate that influent air was maintained at >95% relative humidity 
throughout the experiment.  
5.2.5 Calculations 
Removal efficiency (RE) of each individual VOC tested and the overall removal 
efficiency (REo) were used to evaluate the treatment performance of each biofilter.  RE and 
REo were calculated using eq 5.1 and 5.2 below. 
100×−=
in
outin
C
CC
RE          (5.1) 
100×−= ∑
∑ ∑
in
outin
o C
CC
RE         (5.2) 
where: Cin is the VOC concentration entering the biofilter (mg/L), and Cout is the VOC 
concentration exiting the biofilter (mg/L).  
5.2.6 Plate Counts 
A plating counting technique similar to that described by Álvarez-Rodríguez et al. 
(2002) was used to enumerate bacteria and fungi. At the start of the biofilter experiment, 
after the inoculated foam packing medium was transferred into the column sections and 
excess liquid in sections was drained, Biofilter 1 was temporarily disassembled and four 
foam cubes from each biofilter section were removed using sterile tweezers. These were 
immediately submerged into 20 mL of sterile nutrient solution and repeatedly compressed 
to detach biomass from the foam surface. The biomass suspension was then vortexed for 2 
min before serial dilution and preparation of pour plates using 1.0 mL aliquots. Agar 
medium used for enumerating bacteria was Plate Count Agar (BD, Sparks, MD) amended 
with 500 µg/mL cycloheximide (Sigma-Aldrich, Louis, MO) to inhibit fungal growth. 
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Cycloheximide (dissolved in absolute ethanol) was added from a filter sterilized stock 
solution after autoclaving PCA. Agar medium used for enumerating fungi was Rose 
Bengal Agar (BD, Sparks, MD) amended with chloramphenicol (0.1 g/L) to inhibit 
bacterial growth. All pour plates were incubated at 25oC for 4 days before counting CFUs. 
Only plates with between 30 and 300 CFUs were counted.  Foam cubes from which 
biomass was removed for plate counts were rinsed using deionized water, dried at 103oC, 
and then weighed. Microbial concentration results are reported as the number of colony 
forming units per unit mass of dry foam packing medium. 
 
 
 
 
 
 
 
 
 
Figure 5.3 Ratio of cell density obtained through vortexing to blending 
homogenization. 
 
At the end of experiment (day 128), Biofilter 1 was disassembled and twenty foam 
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Twenty milliliters of the resulting biomass suspension was transferred to a sterile tube that 
was vortexed for 3 min before serial dilution and preparation of pour plates as described 
above. A preliminary experiment revealed that homogenizing samples in a blender for 30 
sec (Hamilton Beach/ Proctor-Silex, Washington, NC) as described by Woertz et al. (2004) 
prior to serial dilution and plating did not result in a statistically significant difference 
between CFU concentrations obtained using the vortexing homogenization technique as 
shown in Figure 5.3. 
5.2.7 Microscopy 
Packing medium samples were collected from various locations of both biofilters 
on two separate occasions, days 22 and 127, for imaging via scanning electron microscope 
(SEM). Foam cubes removed from the biofilters were immediately immersed in fixative 
consisting of 2.5% (v/v) glutaraldehyde (Electron Microscopy Sciences, Fort Washington, 
PA) in 0.1 M cacodylate buffer (Polysciences, Inc., Warrington, PA) with a final pH of 
6.7. Samples were fixed for 5-6 hr, rinsed 12- 36 hr in 0.1 M cacodylate buffer, dehydrated 
in ethanol for 12 – 36 hr, and then critical point dried using a Denton DCP-1 (Denton 
Vacuum, Moorestown, NJ). Cubes were mounted on aluminum specimen mounts, coated 
with gold/palladium in an Edwards S-150 sputter coater, and imaged using a Cambridge S-
260 Stereoscan SEM (Cambridge Instrument, Cambridge, UK). 
5.3 Results and Discussion 
5.3.1 Comparison of Treatment Performance 
Overall contaminant removal efficiency by the two biofilters (calculated using eq 
5.2) is shown in Figure 5.4. Data for time intervals during which contaminants were 
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supplied only 8 hr/day (from day 62 onward in the case of Biofilter 1 and all days for 
Biofilter 2) correspond to samples collected at the mid-point of 8-hr feeding periods. 
Preliminary experiments demonstrated that contaminant removal efficiency did not vary 
appreciably during the 8-hr loading interval as shown in Appendix Figure 5.1. Preliminary 
abiotic fixed-bed sorption experiments revealed that the packing medium had relatively 
low sorption capacity for the VOCs used in these experiments, and complete contaminant 
breakthrough would have occurred within two hours after start of contaminant loading in 
the absence of biodegradation activity (data shown in Appendix Figure 5.2).  The 
contaminant loading rate entering the biofilters deviated somewhat from the target loading 
condition due to fluctuations in gas and syringe pump flow rates; however, average 
measured total VOC loading was within 10% of target loading conditions.   
As shown in Figure 5.4, after one day of operation, overall removal efficiency in 
Biofilter 1 was 50% and by day 4 was greater than 90%. Performance continued to 
improve but at a slower rate, reaching 95% on day 18 and 98% on day 32. There was a 
slight decrease to 95% overall removal efficiency during the two days following the switch 
to intermittent loading on day 63. Recovery to approximately 99% within three days, 
however, demonstrated the biofilter’s capacity to quickly acclimate to the new loading 
condition. The high removal efficiency during intermittent operation following an initial 
acclimation period of continuous loading during startup is consistent with results from the 
biofilter inoculated with a pure culture of the fungus Cladosporium sphaerospermum used 
to treat a VOC mixture representive of off-gases generated during spray application of 
conventional (as opposed to reformulated) paint as reported in Chapter 3 and 4. 
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Figure 5.4.  Overall VOC removal efficiency in: (a) Biofilter 1, and (b) Biofilter 2. 
 
Overall VOC removal efficiency in Biofilter 2, 27% on the second day of 
operation, was less stable and developed more slowly than the continuously loaded 
biofilter. Except for a sharp decrease in removal efficiency observed during the loading 
period immediately following a nutrient addition at day 25, a gradual improvement in 
performance was observed. Overall removal efficiency exceeded 95% from day 27 
onward, and eventually became stable at approximately 99%. Thus, effective startup was 
achieved under both intermittent (Biofilter 2) and continuous loading conditions (Biofilter 
1). The length of time required to reach high contaminant removal efficiency was 
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acclimation (development of treatment capacity) was a function of cumulative time 
contaminant loading was supplied and not just total days in operation.   
Addition of a supplemental VOC supply via the gas phase (Park and Kinney, 2001; 
Cox and Deshusses, 2002) or via the liquid phase (Bastos et al., 2003) during intervals of 
no contaminant loading has been proposed as a strategy for maintaining biofilter activity 
during periods of no contaminant loading (e.g., weekend shut-down intervals).  Results 
presented herein demonstrate that this technique can also be used to speed startup. 
Contaminant loading imposed on Biofilter 1 during the first 62 days of operation 
represents loading that would be observed if a synthetically generated VOC stream was 
artificially supplied to a biofilter treating a waste gas stream where contaminants were 
present in the waste gas stream for only a fraction of the day, as was the case in Biofilter 2. 
The faster increase in performance following startup and the fact that high performance 
was observed shortly after the switch to intermittent operation on day 63 demonstrate that 
the technique can be successful and that indefinite addition of supplemental VOCs 
following startup would be unnecessary. Such an approach may be useful in speeding 
bioreactor startup in full-scale applications.   
Although data reported in Figure 5.4 provide an overall picture of biofilter 
performance, additional insights can be gained by assessing performance in terms of 
removal efficiency for each VOC in the complex mixture (calculated using eq 5.1, see 
Figure 5.5). In both biofilters, methyl ethyl ketone was completely removed from the waste 
gas stream, even during periods immediately after startup. Acetone removal quickly 
increased in the continuously loaded biofilter, and at a relatively consistent but more 
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gradual rate in the intermittently loaded biofilter.  In both biofilters, however, removal of 
the three aromatic compounds (toluene, ethylbenzene, and p-xylene) developed much more 
slowly and was more variable in spite of the fact that loading rates for these compounds 
were markedly lower than for acetone (see Table 1).   
Among the aromatic compounds, removal efficiencies for ethylbenzene and p-
xylene increased more rapidly than for toluene. Although this was somewhat surprising 
considering previous reports that toluene removal generally precedes that of ethylbenzene 
and p-xylene (Coris and Seed, 1995; Prenafeta-Bold, et al., 2002; Song et al., 2003), the 
data presented herein can be readily explained by the fact that toluene loading rate in the 
study described herein was approximately three times that of ethylbenzene or p-xylene. 
Thus, while the fraction of contaminant removed was lower for toluene during portions of 
the early stage of operation (e.g., before day 30), in terms of the rate of contaminant 
removal, it was higher for toluene than for ethylbenzene and p-xylene. Regardless, by day 
70, complete toluene removal was observed in both biofilters. Although performance 
improved over time, removal efficiency for ethylbenzene and p-xylene was somewhat 
inconsistent even after long-term operation (>70 days).   
These results highlight the need for a clear understanding of treatment objectives. 
For example, in terms of overall removal efficiency, both biofilter systems consistently 
removed greater than 95% of the influent contaminant mass after day 27. Thus, in terms of 
overall contaminant removal, performance was quite good. High overall removal 
efficiency (>95%) was possible even when removal efficiency for aromatic compounds 
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Figure 5.5.  Removal efficiency for each of the VOC components in: (a) Biofilter 1, 
and (b) Biofilter 2. 
 
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Acetone
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Methyl ethyl ketone 
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Toluene 
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Ethylbenzene 
0 10 20 30 40 50 60 70 80 90 100 110
Time (days) 
0
20
40
60
80
100
p-Xylene 
Intermittent Loading 
(8 hr/day) Continuous loading 
R
em
ov
al
 E
ffi
ci
en
cy
 (%
) 
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Acetone
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Methyl ethyl ketone
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Toluene
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (day) 
Ethylbenzene
0
20
40
60
80
100
0 10 20 30 40 50 60 70 80 90 100 110
Time (days) 
p-Xylene
Intermittent loading (8 hr/day)
R
em
ov
al
 E
ffi
ci
en
cy
 (%
) 
(a) (b)
 113
was lower (e.g., 70%) because the aromatic compounds comprised only 12.2% of influent 
contaminant mass flow (total for all three aromatic constituents, see Table 1).  
High removal efficiency for aromatic compounds, a potential treatment goal in 
some cases (e.g., if a facility was installing a system to avoid classification as a major 
source of HAPs) lagged considerably. In such cases, speciation is important, and studies 
reporting only overall removal efficiency (Swift, 2002; Bastos et al., 2003) may be 
inadequate for the purpose of assessing system performance.   
5.3.2 VOC Concentration Profiles 
Contaminant concentrations as a function of biofilter height for representative days 
are shown in Figure 5.6 (data from days 18, 39 and 110). On day 18, methyl ethyl ketone 
was completely removed in the first 25 cm bed depth of Biofilter 1. More than 60% of the 
acetone was eliminated within the first 25 cm, and the remainder was removed by 50 cm. 
Toluene, ethylbenzene, and p-xylene were removed more slowly and penetrated the entire 
column depth.  The same general contaminant removal trends were observed in Biofilter 2 
on day 18, but with lower removal rates observed for all contaminants except methyl ethyl 
ketone. 
On day 39, methyl ethyl ketone was removed in the first sections of both biofilters. 
Acetone was also removed in the first 25 cm of Biofilter 1, however, 10% of acetone was 
still detected at the same height of Biofilter 2. Ethylbenzene and p-xylene were totally 
removed by 75 cm in both biofilters, and removal efficiencies of these two VOCs in lower 
part of Biofilter 1 were higher than that in Biofilter 2. Toluene removal efficiencies at the 
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outlet of both biofilter were 80% on day 39, however, removal efficiency in lower part of 
Biofilter 1 was higher than Biofilter 2.  
VOC removal profiles shown for day 110 are typical of biofilter performance 
during the period of stable operation. In both biofilters, methyl ethyl ketone was most 
readily degraded followed by acetone, toluene, ethylbenzene, and then p-xylene. Both 
ketones were completely removed within the first 25 cm. Removal efficiencies for 
aromatic compounds in biofilter sections closest to the inlet were appreciably higher than 
during the initial acclimation period (e.g., day 18). Toluene and ethylbenzene were 
removed by 75 cm, and p-xylene was removed by 100 cm in both biofilters.   
Contaminant removal profiles along the height of biofilter beds observed in the 
study described herein are consistent with previously reported biofilters treating VOC 
mixtures. Laboratory and pilot-scale biofilters treating mixtures of ketones and aromatic 
hydrocarbons have revealed that removal of ketones generally precedes that of aromatic 
compounds (Webster et al., 1998; Park et al., 2002; Song et al., 2003). Faster removal of 
ketones may result because of physical-chemical properties of higher aqueous partitioning 
coefficients and aqueous solubilities leading to faster mass transfer. It may also result from 
inherent differences in rates of enzymatically catalyzed reactions. Inhibition and/or 
catabolic repression have also been demonstrated to play a role in degradation of aromatic 
compounds when present in mixtures containing other readily degradable compounds 
(Deshusses et al., 1999; Song et al., 2003). Nevertheless, by the end of reactor operation, 
removal of all components within the length of the both biofilters was possible; the EBRT 
of 59 sec was sufficient for consistent VOC degradation. 
 115
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6.  VOC concentrations as a function of height in: (a) Biofilter 1, and (b) 
Biofilter 2. 
 
5.3.3 Plate Count Data 
Results from plate counts for bacteria and fungi measured immediately after 
inoculation revealed that microbial populations from the inoculum in Biofilter 1 were 
evenly distributed along the height of the reactor. There was an average of 1.1×106 
0
0.2
0.4
0.6
0.8
1.0 
0 25 50 75 100 125
Height (cm) 
C
/C
o 
Acetone
Toluene
Methyl ethyl ketone
Ethylbenzene
p-Xylene
0
0.2
0.4
0.6
0.8
1.0
0 25 50 75 100 125
Height (cm) 
C
/C
o 
Methyl ethyl ketone
Ethylbenzene
Acetone
Toluene
p-Xylene
Day 110 Day 110
0
0.2
0.4
0.6
0.8
1.0 
C
/C
o 
Acetone
Toluene
Methyl ethyl ketone
Ethylbenzene
p-Xylene
0.2
0.4
0.6
0.8
1.0
C
/C
o 
Acetone
Toluene
Methyl ethyl ketone
Ethylbenzene
p-Xylene
Day 18
Day 18
(a) (b)
0
0.0
0.2
0.4
0.6
0.8
1.0
1.2
C
/C
o
0.0
0.2
0.4
0.6
0.8
1.0
1.2
C
/C
o
Day 39 
Day 39 
Methyl ethyl ketone
EthylbenzeneMethyl ethyl ketone
Ethylbenzene
Acetone
Toluene 
p-Xylene 
Acetone
Toluene 
p-Xylene
 116
bacterial CFUs and 3.6×104 fungal CFUs per gram of foam packing medium (dry mass 
basis). Uniform biomass distribution immediately following inoculation was not surprising 
because each biofilter section was inoculated in an identical manner using an identical 
culture. Because all laboratory culture media select for growth of only a subset of the 
microflora, it is generally accepted that less than 15% of microorganisms countable by 
direct microscopy are culturable using standard practices (Amann et al., 1995). Thus, the 
CFU concentrations represent only culturable microorganisms detached from the foam 
following inoculation. Nevertheless, these results demonstrate that both bacteria and fungi 
were present in the enrichment culture used to inoculate the biofilters, and CFU 
concentrations determined at the start of the experiment provide a useful basis for 
comparison to concentrations determined at the end of the experiment. 
Results from plate counts for bacteria and fungi measured in Biofilter 1 at the end 
of the biofilter operation (day 128) are depicted in Figure 5.7. As shown, the concentration 
of bacterial CFUs decreased from 1.2×1010 CFUs/g dry foam in the inlet section to 2.2×109 
CFUs/g dry foam in the outlet section. In contrast, the concentration of fungal CFUs was 
somewhat more homogeneously distributed along the bioreactor height, averaging 5.6×108 
CFUs/g dry foam.  Reasons for the more homogenous distribution of fungal CFU 
concentrations (in comparison to bacteria) at end of operation cannot be readily explained. 
Although bacterial CFU concentration was appreciably higher than fungal CFU 
concentration at the end of operation, the ratio between bacterial CFUs and fungal CFUs 
decreased from that measured at startup (averaging 30 at the start of the experiment vs. 14 
at the end of the experiment). The increase in total abundance and relative abundance of 
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fungi quantified by the plate counting technique, suggests that acidic conditions are not a 
pre-requisite for growth of fungi in biofilters as suggested by some authors (van 
Groenestijin et al., 2001). Because isolates were not identified or characterized with 
respect to their ability to degrade the VOCs supplied, a general conclusion regarding the 
relative contributions of the two groups to contaminant removal cannot be drawn.  he fact 
that many fungal species are able to degrade the VOCs present in the waste gas stream; 
however, raises the distinct possibility that they contributed to VOC removal (Cox et al., 
1997; Grarca-Pea et al., 2001; Woertz et al., 2001; Prenafeta-Bold, et al., 2002; Woertz et 
al., 2002; Christen et al., 2002). No attempt was made to enumerate microbial populations 
in Biofilter 2, so a direct comparison between the two systems is not possible. As described 
in the following section, however, differences in the quantity of biomass between the two 
systems was readily apparent from microscopy analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Bacteria, fungi, and total CFU concentrations in Biofilter 1 at the end of 
operation on day 128. 
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5.3.4 Microscopy Data 
Relatively low magnification SEM images (e.g., on the order of 300X) of the 
surface of foam cubes removed from both biofilters near the start of the experiment (day 
22) and at the end of the experiment (day 127) revealed that the packing medium surface 
was occupied by filamentous fungal hyphae, and the system appeared to be dominated by 
fungi (see Figure 5.8a-c). Inspection of higher magnification SEM images (on the order of 
13,000X), however, revealed that large numbers of spirilla, coccoid, and rod-shaped 
bacteria were also present in the biofilm growing attached to the foam media (see Figure 
5.8d-f). In spite of the neutral pH of the nutrient solution added to the biofilter on a weekly 
basis, fungi were observed in all biofilm images. Although these SEM images support the 
hypothesis that aerial mycelia of fungi can be in direct contact with the gas phase and 
thereby offer faster mass transfer rates than flat aqueous bacterial biofilm surfaces (van 
Groenestijn et al., 2001; van Groenestijn and Liu, 2002), because of the inherent 
methodological limitations of the biofilm fixation process used prior to imaging, it is not 
possible to draw an unequivocal conclusion regarding whether the fungal hyphae were 
truly in direct contact with the gas phase. It appears, however, that was likely the case.  
Because of the considerable difference between the size of bacteria relative to fungi (on the 
order of 1 µm for bacteria compared to greater than 100 µm length for some fungi), it is 
quite possible that bacteria were numerically dominant in the biofilters while at the same 
time comprising a lower proportion of total biomass than fungi. Thus, the notion that 
conventional neutral pH biofilters are primarily bacterial in nature (van Groenestijn et al., 
2001; van Groenestijn and Liu, 2002) may not always be correct. 
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In addition to revealing that the biofilm was populated by a mixture of fungi and 
bacteria, SEM photos of samples collected on day 22 revealed two distinct trends. First, in 
both biofilters, the quantity of biomass in the bottom sections (those closest to the inlet) 
was considerably higher than that in the top sections (those closest to the outlet). This is 
consistent with contaminant concentrations measured as a function of height indicating that 
contaminant removal was highest in sections closest to the inlet (Figure 5.6). This is also 
consistent with previous reports that microbial growth is generally highest near the inlet of 
biofilter systems (Devinny et al., 1999). 
The second trend revealed by the SEM photos was that biofilm coverage of the 
packing medium in the continuously loaded biofilter (Biofilter 1) was higher than that in 
the intermittently loaded biofilter (Biofilter 2). In Biofilter 1, the surface of foam media 
was almost completely covered by biomass by day 22 (see Figure 5.8a). In foam samples 
collected from Biofilter 2 on day 22, however, biomass coverage was more patchy and 
discontinuous in nature (data not shown). This observation is consistent with the 
expectation that the lower quantity of VOCs loaded to the system on a daily basis (total 
VOC mass loading in Biofilter 2 was only one third that of Biofilter 1 because the system 
received contaminated air flow for 8 hr/day rather than 24 hr/day) would lead to lower net 
biomass production even if the fraction of contaminants removed was identical. In this 
case, the fraction of contaminants removed was lower in Biofilter 2 than in Biofilter 1 
during the first 22 days (see Figures 5.4), further leading to lower biomass accumulation.  
SEM images of foam packing removed from top and bottom parts of both biofilters 
at the end of operation (day 127) revealed that the quantity of biomass markedly increased 
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in both biofilters (data not shown). A portion of the pores in foam samples collected from 
bottom sections of the biofilters (i.e., those closest to the inlet) were completely filled with 
biomass, and samples removed from sections nearest the biofilter inlet had a greater 
quantity of biomass than did samples near the outlet. These results are consistent with the 
fact that the majority of VOC removal (Figure 5.4) and highest concentration of culturable 
microorganisms (Figure 5.6) occurred near the inlet. Head loss of both continuous loaded 
and intermittent loaded biofilters increased over time but did not exceed 1.2 cm H2O, 
demonstrating that excess clogging by biomass was not a problem. Low head loss 
observed in these biofilters was likely due in part to the high-porosity polyurethane foam 
packing which allows substantial accumulation of biomass without a concomitant increase 
in pressure drop (Darvin et al., 1998; Devinny et al., 1999; Webster et al., 1999; van 
Groenestijn and Liu, 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8a Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 1 by the end of operation. 
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Figure 5.8b Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 1 by the end of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8c Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 after one month of operation. 
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Figure 5.8d Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 1 by the end of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8e Scanning electron micrograph of microorganism colonization at the top 
of Biofilter 1 by the end of operation. 
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Figure 5.8f Scanning electron micrograph of microorganism colonization at the top of 
Biofilter 2 after one month of operation. 
 
5.4 Conclusions 
Results presented herein demonstrate that the synthetic gas stream representative of 
emissions from reformulated paints can be treated effectively using biofilters even in cases 
with intermittent operation. With use of an acclimated enrichment culture, startup was 
achieved under intermittent or continuous loading conditions; however, high removal 
efficiency was achieved more quickly in the continuously loaded system. This 
demonstrates that supplemental addition of VOCs during periods of low or no contaminant 
loading can speed startup; however, it may be unnecessary in cases where longer startup 
duration is acceptable. The acclimation time required to reach high removal efficiencies for 
aromatic hydrocarbons was considerably longer than for ketones. Contaminant 
concentration profiles measured as a function of biofilter height also revealed that the 
aromatic compounds were more slowly removed than ketones. In spite of the neutral pH of 
solutions used to grow the enrichment culture and provide nutrients to the biofilters on a 
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weekly basis, scanning electron microscopy and plate count data revealed that the biofilters 
were populated by large numbers of fungi as well as bacteria. 
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CHAPTER 6. PERFORMANCE OF BIOFILTERS OPERATED AT LOW pH FOR 
TREATMENT OF A PAINT VOC MIXTURE UNDER CONTINUOUS AND 
INTERMITTENT LOADING CONDITIONS 
6.1 Introduction 
As discussed in previous chapters, fungi may play an important role in VOC 
degradation in biofilters. Utilizing fungi as the main VOC degraders in biofilters may offer 
advantages such as tolerance to low pH and unintentional drying of the media bed. Many 
fungi have been observed in biofilters operated at low pH conditions (García-Peña et al., 
2000; Woertz et al., 2001, 2002; Christen et al., 2002; Cheng et al., 2004), and pH 
decreases have been observed in well performing fungal biofilters (Kennes, 1996; Webster, 
1996).     
Several fungal dominated biofilter reported in the literature were inoculated with 
pure culture of fungi (García-Peña et al., 2000; Christen et al., 2002). van Groenestijn and 
Liu (2002) tested the performance of fungal containing biofilters inoculated with undefined 
mixed culture extracted from forest soil to remove gas phase alpha-pinene. It would be 
interesting to apply similar inoculum source (such as the inoculum described in Chapter 5) 
to achieve fungal dominated biofilter for treatment of VOC mixture (such as the remulated 
paint VOC mixture described Chapter 5 of this dissertation). 
In research described in this chapter, the performance of biofilter inoculum with a 
compost derived, low pH enriched culture and operated at low pH condition (buffered at 
pH 3.0 through nutrient addition) treating a waste air stream containing a five-component 
mixture of acetone, methyl ethyl ketone, toluene, ethylbenzene, and p-xylene at a total 
influent concentration of 511 parts per million by volume (ppmv), the same mixture as 
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described in Chapter 5, was investigated. Two biofilters buffered at low pH (pH 3.0) were 
employed in this test. One biofilter was fed with intermittent VOC loading 8 hours per day 
7 days per week to simulate loading conditions where off-gases are generated during only a 
portion of each day.  Another biofilter was started with continuous VOC loading during the 
initial start period, and then was switched to intermittent loading condition. VOC removal 
efficiencies of two biofilters were evaluated, and VOC degradation characteristics were 
also assessed. Cell densities before and after biofilter operation were analyzed, and 
scanning electron micrographs of microorganism colonization were also taken on the 
samples collected from biofilters in the start-up period and end of operation.  
6.2 Materials and Methods 
6.2.1 Experimental Apparatus 
Laboratory experiment employed two identical glass biofilter column reactors with 
the exact same configuration as the biofilters described in Chapter 5.  
6.2.2 Enrichment Culture and Biofilter Inoculation 
The initial inoculum used for biofilter experiments described in this chapter were 
derived from the same mixture of two types of compost described in Chapter 5. Culture 
enrichment was carried out in sparged-gas reactor by the same procedure as that used in 
Chapter 5 except the pH was adjusted to 3.0.  The ability of the microbial populations in 
the sparged-gas reactors to degrade each VOC was evaluated by measuring the oxygen 
uptake rate (OUR) under endogenous conditions and when spiked with the VOCs through 
the same procedure described in Chapter 5. For each VOC, the OUR measured under 
endogenous conditions was subtracted from the OUR measured following spiking to 
 129
calculate the increase in OUR (∆OUR) caused by VOC spiking.  A positive ∆OUR 
provides an indication that the microbial population can degrade the target compound.  
Figure 6.1 depicts the ∆OUR as a function of time since start-up in the pH 3.0 sparged-gas 
reactor. 
Figure 6.1.  The increase in OUR following spiking of each contaminant in sub-
samples removed from the pH 3 sparged-gas reactor.     
As shown in Figures 6.1, by day 8, the cultures showed an increase in OUR 
following spiking by all of the ketones (acetone, MEK, and MIBK).  For p-xylene in the 
pH 3.0 sparged-gas reactor, there was no increase in OUR following spiking.  To 
encourage growth of microorganisms able to degrade the aromatic compounds, from day 8 
to day 25, only the aromatic compounds were supplied to the reactor.  As shown in Figures 
4, the microbial population was able to degrade all of the VOCs by day 25.  Starting on 
day 25, the contaminant loading schedule was returned to the same loading pattern of all 
VOCs as was used from days 1 to 8. Subsequently however, the increase in OUR 
following spiking began to decrease as a function of time.  It was suspected that this 
resulted from a nutrient limitation. On day 77, in order to increase the nutrient 
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concentrations, 1.75 L of culture liquid was wasted from reactor, and 1.75 L of fresh 
nutrient solution was added.  When the reactor was restarted, only acetone, methyl ethyl 
ketone, toluene, ethylbenzene, and p-xylene were supplied since methyl isobutyl ketone 
was decided not included in as a tested VOC, and the culture liquid wasting (200 mL per 
day) was carried out once per day rather than once every two days.  This resulted in an 
HRT and SRT of 17.5 days in the sparged-gas reactor. The total period of culturing lasted 
100 days.   
Inoculation procedure applied in this experiment was the same as that described in 
Chapter 5. 
6.2.3 Biofilter Operation 
Loading conditions for the biofilters are summarized in Table 6.1.  In the first 
period of operation, from day 1 to day 62, Biofilter 1 continuously received contaminant 
loading for 24 hr per day, 7 days per week. To simulate the diurnal loading condition 
expected where off-gases is generated during only a portion of each day, the other biofilter, 
Biofilter 2, was supplied with intermittent conditions with contaminant loading for 8 hours 
per day, 7 days per week.  During the 16-hour interval without contaminant loading, 
Biofilter 2 was supplied with uncontaminated humidified air flow at a rate identical to that 
during the loading condition.  Both biofilters were operated at an empty bed residence time 
(EBRT) of 59 seconds.   
Throughout the various loading conditions, the biofilters were supplied with a VOC 
mixture at target influent concentrations of 450 ppmv acetone, 11.6 ppmv methyl methyl 
ethyl ketone, 29.4 ppmv toluene, 10.4 ppmv ethylbenzene, and 10.4 ppmv p-xylene.  Hence, 
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the target loading rate for each compound was 66.0 g·m-3·hr-1 for acetone, 2.07 g·m-3·hr-1 
for methyl ethyl ketone, 6.84 g·m-3·hr-1 for toluene, 2.67 g·m-3·hr-1 for ethylbenzene, and 
2.69 g·m-3·hr-1 for p-xylene. The corresponding total VOC loading rate was approximately 
80.27 g·m-3·hr-1 on a continuous basis in Biofilters 1, and during the 8-hour daily loading 
interval in Biofilters 2.  
In the second period of operation, from day 63 until the systems were ultimately 
shut down, Biofilter 2 was shut down, and the loading to Biofilters 1 was changed to the 
same intermittent loading conditions as in Biofilter 2 before shutdown (contaminants 
supplied for 8 hr/day).  The EBRT during this period remained at 57.5 seconds during 
Period 2.  Although, Biofilter 1 was kept operation after day 62, with the loading schedule 
described above, influent and effluent contaminant concentrations were not measured. At 
weekly intervals, nutrients were added to each biofilter column by filling with 10 L of 
nutrient solution and draining by gravity. The nutrient solution consisted the same 
constituents as described in Chapter 5, except the pH of the nutrient solution was adjusted 
to 3.0 prior to the nutrient addition procedure. 
Table 6.1:  Summary of Biofilter Operating Conditions 
Period 1 Period 2  
 
EBRT 
Days of 
operation 
VOC loading 
schedule 
 
EBRT 
Days of 
operation 
VOC loading 
schedule 
Biofilter 1 
(pH 3) 
 
1 min 
 
 
1 to 62 
7 days per week: 
       24 hr /day 
on 
 
1 min 
 
63 to 
shutdown 
7 days per week: 
       8 hr/day on 
       16 hr/day off 
Biofilter 2 
(pH 3) 
 
1 min 
 
 
1 to 62 
7 days per week: 
       8 hr/day on 
       16 hr/day off 
 
Shut down 
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6.2.4 Sampling and Analytical Techniques 
All samplings and analytical techniques used in this experiment were the same as 
those described in Chapter 5. Microbial samples for plate count were taken on day 0 and 
128 from Biofilter 1. Polyurethane foam samples were collected from Biofilters 1 on two 
separate occasions, on day 22 and the end of operation (day 127), for imaging via a 
scanning electron microscope (SEM).   
6.3 Results and Discussion 
6.3.1 VOC Degradation Data 
The overall VOC treatment performance of the two Biofilters are shown in Figure 
6.2.  In Figure 6.2, the day when biofilters were inoculated and started was defined as day 
0, and the first sampling were carried out after 24 hours on day 1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2 Overall VOC removal efficiency of Biofilter 1and 2. 
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After the first 24 hrs of operation, overall removal efficiency calculated using 
equation 5.1 of Biofilter 1 was 21%.  Except for a sudden decrease in removal efficiency 
observed immediately after a nutrient addition at day 22, the improvement of performance 
was steady. The performance decrease on day 22 may be caused by biomass lost while 
nutrient solution drained out from biofilter. Removal efficiency of Biofilter 1 reached a 
stable level around 95% after day 23, and then achieved over 99% after 57 days of 
continuous VOC feeding. Compared to the neutral pH buffered biofilter reported in the 
Chapter 5, removal efficiency of Biofilter 1 developed more slowly during the startup 
period. However, this low pH biofilter offered high VOC removal capacity after startup, 
and there was no appreciable difference in removal efficiency between the neutral and low 
pH biofilters by the end of operation. 
Overall VOC removal efficiency in Biofilter 2 also started at a low level, 
approximately 16% on day 1. Similar to Biofilter 1, a sharp decline of overall removal 
efficiency was also found in the loading period right after nutrient addition on day 22. 
Overall removal efficiency of Biofilter 2 exceeded 90% from day 32 on, and was 
maintained stable between 95% and 98% through the remainder of the system’s operation.  
Compared with the intermittently loaded neutral pH biofilter reported in Chapter 5, overall 
VOC treatment performance of Biofilter 2 developed more slowly. 
 Removal efficiencies for each of the individual VOCs in two biofilters during the 
whole experiment period are shown in Figures 6.3.  No methyl ethyl ketone was detected 
in the effluent during the whole operational period. Removal of acetone was 16% at day 1, 
then quickly increased to over 50% on Day 4. It finally reached near 100% from day 18 on, 
 134
except for a drop of 40% on day 22. Removal of aromatic compounds in biofilter 
developed slower than ketones, and all three compounds presented a similar pattern. 
However, removal efficiencies of toluene and ethylbenzene started at 25% and 30% 
respectively, which were even higher than that of acetone. Removal efficiency of p-xylene 
was just 11% on day 1. By day 47, removal efficiencies of the three aromatic compounds 
in biofilter exceeded over 90%. Throughout the whole operation, removal of toluene and 
ethylbenzene developed faster than p-xylene in the biofilter. Compared to the continuously 
loaded neutral pH biofilter reported in Chapter 5, removal of acetone, ethylbenzene, and p-
xylene in the biofilter operated at low pH (pH=3) developed more slowly during the first 
45 days of operation. 
Except for 24% methyl ethyl ketone breakthrough observed on day 4, no methyl 
ethyl ketone was detected in the effluent of Biofilter 2 during the 61 days of operation. 
Acetone removal performance improved relatively slow than Biofilter 1 and the neutral pH 
biofilter receiving intermittent loading described in Chapter 5. Removal efficiency of 
acetone was found stable higher above 90%. However, removal of aromatic compounds 
was relatively unstable, and varied among 30% to 90% for toluene, 18% to 99% for 
ethylbenzene, and 18% to 91% for p-xylene from day 4 to day 59. Removal efficiency of 
three aromatic compounds finally became stable in the rest 3 days of operation. Comparing 
with the neutral pH biofilters described in the last chapter, performance of aromatic 
compounds removal in both Biofilter 1 and 2 developed relative slow.VOC removal as a 
function of column depth in the biofilters are shown in Figure 6.4. About 80% of acetone, 
24% of toluene, 12% of ethylbenzene, and 10% of p-xylene were eliminated in the first 25 
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Figure 6.3 Removal efficiency for each of the VOCs in Biofilter 1 and 2. 
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cm of Biofilter 1 on day 18. At the outlet of Biofilter 1, 51% of toluene and ethylbenzene, 
and 42% of p-xylene were still detected by day 18. At day 39, 
100% of total ketones, 41% of removed toluene, 54% of removed ethylbenzene, and 50% 
of removed p-xylene were reduced in the first 25 cm of biofilter. Among the tested VOCs, 
ketones were more rapidly removed than aromatic compounds.  
In Biofilter 2, only 46% of acetone, 14% of toluene, 24% of ethylbenzene, and 9% 
of p-xylene were removed within the first 25 cm of Biofilter 2, and more than half amount 
of aromatic compounds were detected at the outlet on day 18. By day 39, only 42% of 
acetone, 14% of toluene, 34% of ethylbenzene, and 24% of p-xylene were removed in the 
first 25 cm column.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 VOC removal profile in Biofilter 1 and 2 on day 18 and 39. 
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Results of overall treatment performance in Biofilters 1 and 2 indicated that the 
biofilter started with continuous loading could achieve higher removal efficiency more 
quickly than the biofilter started with intermittent loading in low pH condition. 
Comparison of VOC degradation profiles in the two biofilters revealed that degradation 
abilities for all tested compounds in Biofilter 1 developed more quickly than in Biofilter 2. 
The relatively slow startup of intermittent loaded biofilter did not affect its long-term 
performance. In agreement with this result, Dirk-Faitakis and Allen (2003) also found that 
a biofilter with 24-hr cyclic (12-hr ON/OFF cycles) feeding showed similar performance to 
constant loaded biofilter. Although showing different performance, the results of both 
biofilter indicates that low pH biofilter could provide a promising efficiency for 
reformulated paint off gas treatment.  
Among the VOCs tested, methyl ethyl keone was most rapidly removed followed 
by acetone, toluene, ethylbenzene, and p-xylene after treatment performance became stable 
in all tested biofilters. The breakthrough time of methyl ethyl ketone after abiotic sorption 
in biofilter was 20 min (data shown in Appendix Figure 5.1).  No methyl ethyl ketone, 
however, was detected in either of the biofilters after operation started except day 4 in 
Biofilter 2. Acetone was the second removed compound among the tested VOCs.  Its 
concentration was the highest among the tested compound with mass loading was 88% of 
total inlet VOC loading. In the lower sections of biofilter column, aromatic compounds 
could not be reduced with a high rate before large amount of acetone was removed during 
the start period. This indicated that substrate inhabitation and competition between acetone 
and aromatic VOCs might occur in biofilters. Deshusses and Johnson (1999) found that 
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toluene might not be removal efficiently in the presence of high loads of less volatile, polar 
VOCs, such as ethyl acetate. Aizpuru et al. (2001) observed that the degradation of 
aromatic compounds was lagged by the degradation of oxygenated compounds with the 
same loads. Lu et al. (2001) found removal efficiency of high loaded ethyl acetate was 
significantly higher than that of toluene and xylene, and elimination capacity of these 
VOCs as pure compounds feed with similar influent loading were higher than as mixture.  
As mentioned above, few studies have been carried out on a waste gas stream 
containing high loading of acetone. Chang and Lu (2003) studied treatment of a mixture 
with medium toluene loading and low acetone loading by a trickle-bed biofilter. They 
found toluene removal efficiency was higher than that of acetone. In the study described 
herein, all tested biofilters could achieve over 70% of removal HAPs while acetone 
removal was 90%. This suggests that biofilters can efficiently remove HAPs emitted from 
high acetone containing reformulated paint solvents. Compared to the removal of 
ethylbenzene and p-xylene, toluene removal was also found somehow delayed in a short 
period in Biofilter 1 after start. The reason of this delay might due to relative higher 
loading rate of toluene in comparison to the other compounds.  
Like the neutral pH biofilters described in Chapter 5, most of the VOCs were 
degraded within the first 25 cm of low pH biofilter columns. The first one-fifth of the 
biofilter columns had very high treatment capacity for both ketone and aromatic 
compounds. The remaining four-fifths part of each biofilter, however, just carried out a 
small part of treatment task. This might be due to slow development of biomass in the 
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higher section. This indicates that VOC elimination capacity along the height of biofilter 
was not homogeneous distributed.  
Compared to the neutral pH biofilter described in Chapter 5, the biofilters tested in 
this study presented relatively slow development of treatment performance during startup 
period. This revealed that pH of 3, the value of which was found in fungal biofilter 
described in Chapter 2 and other reported biofilters (van Groenestijn et al., 2001), was not 
optimum. However, low pH biofilter operated at other value, such as pH value of 5 as 
suggested by the study described in Chapter 2, might offer better performance than neutral 
pH biofilter.  
6.3.2 Plate Count Data  
Figure 6.5 shows the CFU concentrations of bacteria, fungi and total cell density of 
both bacteria and fungi in Biofilter 1 after initial inoculation. Cell densities of bacteria, 
fungi and total in Biofilter 1 at the end of operation are shown in Figure 6.6. After 
inoculation, cell densities of bacteria and fungi in Biofilter 1 were evenly distributed along 
the height of reactors.  By the end of operation, total cell density in Biofilter 1 was higher 
in bottom and top part of reactor, and lower in central part. Unlike low pH biofilter, cell 
density in the neutral pH described in the last chapter linearly decreased from bottom to 
top of reactor. Unlike in Biofilter 1, fungal CFU concentration in the neutral pH biofilter 
discussed in previous chapters was evenly distributed along the height of reactor at the end 
of operation, and its bacterial cell density, however, showed a linear decrease from the 
bottom to the top.   
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CFU concentration data indicate that the relative abundance of bacteria and fungi in 
low pH biofilter described in this chapter were different from those in the neutral pH 
biofilters described in Chapter 5. Figures 6.7 shows the average ratio of bacteria CFUs to 
fungal CFUs in medium samples taken immediately after initial inoculation and at the end 
of operation. Based on cell density data, it seemed that fungi grown on the selective fungal 
media were numerically dominant in the first 50 cm of Biofilter 1 throughout the whole 
operational period. However, this conclusion was weakened by the selectivity of culture 
media used in this study.  Because the pH of both fungal and bacterial culture media, as 
well as supplied nutrient from the media, were different to tested biofilters, therefore, 
different group of fungi or bacteria could be encouraged or depressed during culturing.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 Bacteria, fungi, and total CFU concentrations in Biofilter 1 after initial 
inoculation (day 0). 
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Figure 6.6 Bacteria, fungi, and total concentrationa in Biofilter 1 after initial 
inoculation (day 130). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Ratio of bacteria CFUs to fungi CFUs in Biofilter 1. 
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bacterial cell density were similar to fungi in other part of biofilter. However, in the top 
part of Biofilter 1, bacterial cell density climbed up to 8 times of fungal cell density, which 
indicated bacteria would be dominated when concentration of carbon source became lower.  
6.3.3 Microscopy Data 
 The microstructure of bottom part in Biofilter 1 after operated for 1 month and the 
end of operation was photographed as shown in Figure 6.8. Biomass in bottom part closest 
to the inlet was found with higher density than that in top part.  Images show that the inner 
pore of foam medium collected from the bottom section was totally covered by biomass 
after 1 month of operation. On contrary, biomass just partially covered the foam structure, 
and left inner pore opened in top part of Biofilter 1. By the end of operation, biomass on 
foam medium in both top and bottom parts of biofilters were obviously increased. 
However, biofilm covered on the foam samples taken from bottom part of biofilters was 
still denser than from top part. The difference of biofilm structure between top and bottom 
part of biofilter is consistent with VOC degradation profile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8a Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 1 after one month of operation. 
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Figure 6.8b Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 1 after one month of operation. 
 
 SEM images of samples removed from Biofilter 1 revealed that there were large 
amount of filamentous structure on foam surface after one month of operation. This 
observation suggests that low pH may encourage development of filamentous structures, 
most of which might be contributed from the growth of fungi. On the surface of foam 
medium, microorganisms presented as nearly uniform fungal structure with few coccid 
bacteria.  This observation suggests that fungi were dominated in low pH buffered 
biofilter. It could also be observed that fungi were the main material of the structure filling 
up the inner pores of the foam media. Combined with the results obtained from neutral pH 
biofilters (see Chapter 5), it appears as if that no matter what pH condition biofilter had, 
fungi always presented as a large amount of biomass in the biofilm on foam media, which 
suggests that fungi might play an important role in biofilter using polyurethane foam as 
packing media.  
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6.3.4 Headloss Comparison 
As shown on the SEM images, inner pore of foam medium was filled with fungal 
hyphae at bottom of biofilter. Therefore, the concern of clogging might rise. However, by 
the end of operation, the headloss of Biofilter 2 was just 4 mmH2O, and the headloss of 
Biofilter 1 was 8 mm H2O, which indicate that both biofilters were operated with a low 
headloss. 
6.4 Conclusions 
Microbial population of the biofilter inoculated with a low pH undefined mixed 
culture and operated at low pH condition was dominated with fungi. Enriching inoculums 
at low pH and operating at low pH is a feasible approach to build up fungal population in 
biofilters. The low pH biofilters successfully treated VOC mixture under both continuous 
and intermittent loading conditions, however, performance of the low pH biofilter 
receiving intermittent loading developed slower during the startup period. This study 
demonstrates that biofilter with microbial populations grown at pH level rather than neutral 
can effectively degrade paint VOC mixtures. Low pH biofilter could be applied for high 
acetone loaded reformulated VOC paint off gas treatment. Among the tested VOCs, 
ketones were more easily degraded than aromatic compounds. The biofilters presented 
high overall treatment efficiency during operation, however, performance of aromatic 
HAPs removal developed relative slow.   
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CHAPTER 7. RELATIVE CONTRIBUTION OF BACTERIA AND FUNGI TO 
TOLUENE DEGRADATION IN A MIXED CULTURE BIOFILTERS 
 
7.1 Introduction 
 Results obtained from the studies discussed in previous chapters indicate that fungi 
can degrade most of the VOCs typically present in paint off gases, and results also indicate 
that fungi can proliferate in biofilters operated at both neutral pH and acidic pH conditions. 
It is not clear, however, what the relative contributions of fungi and bacteria were to 
contaminant degradation especially in the biofilters inoculated with undefined mixed 
cultures (i.e., systems described in chapters 5 and 6). 
Some research reported in the literature has described attempts to distinguish the 
role of bacterial and fungi in biofilter through the use of enumeration techniques (e.g., 
plate counts) and/or testing of isolates to determine their capacity for biotransforming 
contaminants. For example, Agathos et al. (1997) monitored fungal, yeast, and bacterial 
density in a tubular biofilm reactor treating methyl ethyl ketone and degradation ability of 
fungal isolates. Two strains isolated in their study, Geotrichum candidum and Fusarium 
oxysporum, were able to degrade MEK completely. Consequently, they concluded that 
fungi contamination of biofilm could be favorable in the bioreactor process, especially in 
the most acidic parts of the biofilm. Webster et al (1997) analyzed microbial community 
structure and density in compost and granular activated carbon biofilters through analysis 
of phospholipid fatty acids (PLFA) and plate counts. They found that gram-negative 
bacteria dominated in microorganisms on media, and microbial communities adjusted to 
difficult environmental condition. In their experiment, bacterial and fungal plate counts of 
viable organisms were also made as a comparison to the PLFA data. Cyclohexmide and 
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chloramphenical were utilized to inhibit fungal and bacterial growth. Paca et al. (2003) 
analyzed individual microorganism groups in a biofilter treating gasoline vapor. Total, 
eukaryotic, pseudomonas, and primary gasoline degrader cell numbers were distinguished 
based on selective media cultivation techniques. They found that pseudomonas cells 
predominated as primary degraders of gasoline in their system. Almost all of the bacterial 
strains (8 of 9 strains tested) belong to the primary degraders (i.e., could utilized gasoline 
as sole carbon and energy source), while only four of seven fungal strains isolated form 
their were able to use gasoline as a sole carbon and energy source.  
As discussed in Chapter 5, although bacterial cell density was higher than fungal 
cell density in the biofilter buffered at neutral pH treating paint VOC mixtures, the amount 
of fungal biomass might be still more than bacteria in terms of biomass. Quantification of 
either cell density or biomass, however, does not directly provide information about the 
relative contribution of fungi to VOC degradation in the biofilter. Up to date, little is 
known about the role that either fungi or bacteria play in VOC degradation in cases where 
both are present in a biofilter.  
A few research groups have made efforts to characterize the relative contribution of 
degradation from fungi and bacteria through their metabolism activity. Pineda et al. (2004) 
identified and characterized the microorganisms involved in a methanol biofilter through 
their lignocellulytic and methylotrophic activities, and found that fungi presented a higher 
lignocellulolytic activity than bacteria. Rather than using an indirect measurement like 
lignocellulolytic activity, Arriaga and Revah (2004) studied the fungal hexane degradation 
in biofilter through a fungal consortium biofilter and microcosm experiment. In their 
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experiments, hexane elimination capacity of fungi was examined while bacterial antibiotics 
(20 mg.L-1 of chloramphenicol and 50 mg.L-1 of gentamicine sulfate) were daily added into 
a biofilter after 46 days of operation. In the microcosm experiment, hexane degradation 
rate of bacteria and fungi on biofilter media was tested when one group of the 
microorganisms was inhibited by fungal antibiotic (50 mg.L-1 of nystatin) and another was 
inhibited by bacterial antibiotics. Yet result indicated that fungi had a leading role in 
hexane degradation, however, it could not demonstrate conventional biofilter since the 
experiment was conducted based on fungal predominated biofilter and fungal encouraged 
condition.  
Research described in this chapter was conducted in an attempt to distinguish the 
relative contribution of fungi and bacteria to toluene degradation. In the study described 
herein, three biofilters were each inoculated with an identical undefined mix culture 
containing both of bacteria and fungi. During an initial interval of operation, all three 
biofilters were carefully operated at the same conditions. During the subsequent operation, 
fungal inhibitors were added into one of the biofilters, and bacterial inhibitors were added 
into another. The third biofilter did not receive any inhibitors and served as a control. 
Toluene removal efficiency, maximum elimination capacity, and microbial cell density of 
three parallel biofilters were monitored before and after inhibitor addition. The 
microstructure of microbial communities present in biofilm in the three biofilters was also 
examined through scanning electron microscopy.  
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7.2 Materials and Methods 
7.2.1 Experimental Apparatus  
Laboratory experiments employed three identical glass biofilter column reactors 
configured as previously described in Chapter 5 and depicted below in Figure 7.1.  Each 
biofilter consisted of four packed sections, each with an inner diameter of 9.9 cm and a 
height of 25 cm, plus a top and a bottom. Each column section was filled to a height of 25 
cm of packing medium (about 40 g dry weight per section) providing a total packed bed 
depth of 1.0 m and total packed bed volume of 7.7 L.  Columns were assembled by the 
same way described in Chapter 5. The packing medium for all of the biofilter columns 
consisted of reticulated polyurethane foam cubes approximately 1.25 cm per side 
(Honeywell-PAI, Lakewood, CO).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Schematic diagram of laboratory-scale biofilter system. 
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Compressed air flowed through a cylinder packed with activated carbon (Calgon 
type F-300) to remove any unwanted contaminants from the air supply.  The air was then 
divided to three streams, and each stream was delivered to one of three biofilter systems 
operated in parallel.  Pressure regulators (series R35, Arrow Pneumatics, Broadview, IL) 
were used to decrease the air-pressure to approximately 15 psi, and flow rates were 
measured and regulated with rotameters (Cole-Parmer, 150 mm scale Accucal flow meter).   
Approximately 95% of the influent air stream for each biofilter column passed 
through an aeration stone submerged in a 20 L glass carboy filled with deionized water and 
heated with electrical heating tape.  The remaining 5% of the airflow to each biofilter was 
directed through a separate rotameter to control the flow rate to an injection port used for 
VOC volatilization as the same way described in previous experiments. VOC volatilization 
into the influent air stream was accomplished using a KD Scientific model 100 syringe 
pump (KD Scientific Inc., New Hope, PA) with 10 ml gas tight syringe (Hamilton 
Scientific, model 1005TLL, Reno, NV).   
7.2.2 Inoculum Culturing and Inoculation 
The inoculums used for all three of the biofilters were derived from the biomass 
obtained from Biofilter 1 described in Chapter 5.  All packing foam from Biofilter 1 was 
immersed in 5 L of solution prepared with deionized water and following constituents: 
NaNO3 29,300 mg.L-1, KH2PO4 2380 mg.L-1, Na2HPO4 1000 mg.L-1, MgSO4 1290 mg.L-1, 
CaCl2·2H2O 630 mg.L-1, (NH4)6Mo7O24·4H2O 0.04 mg.L-1, FeSO4·7H2O 480 mg.L-1, 
ZnSO4·H2O 2.0 mg.L-1, MnSO4·H2O 0.4 mg.L-1, CuSO4·5H2O 0.04 mg.L-1, 
Co(NO3)2·6H2O 0.04 mg.L-1, CoCl2·6H2O 0.033 mg.L-1, Na2B4O7·10H2O 0.04 mg.L-1,  
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EDTA 1.0 mg.L-1. The pH of the solution was around 7.0. Biomass on the foam cubes was 
then removed by manually squeezing. The resulting liquid was allowed to settle 
quiescently about 5 min. The decanted liquid was then removed. The final slurry contained 
2.3 g.L-1 VSS, and was used as initial inoculum for biofilters. A 3.5 L volume of this initial 
inoculum was transferred into a 4.0 L glass kettle reactor with the same configuration as 
described in previous chapters and shown in Figure 7.2.  The glass kettle reactor was then 
operated as sparged-gas reactors to enrich for microorganisms able to degrade toluene.  
The reactor was stirred by magnetic stir bar and was supplied with 2.0 L/min of a toluene 
contaminated air stream.  The contaminated air stream was made by evaporating liquid 
toluene (Fisher Chemicals, Fair Lawn, NJ) injected from a glass gas-tight syringe 
(Hamilton Scientific, model 1005TLL, Reno, NV) by means of a syringe pump (KD 
Scientific Inc., New Hope, PA) at a rate of 0.1 mL/hr into a glass injection port as shown 
in Figure 7.2. The corresponding target toluene concentrations in the air stream was 0.72 
mg/L.   
 
 
 
 
 
 
 
 
Figure 7.2:  Schematic diagram of sparged-gas reactor used to culture biofilter 
inoculum. 
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To account for evaporative losses in the sparged-gas reactor, a sufficient quantity of 
deionized water was added to reactor as necessary maintain a constant liquid volume on a 
daily basis. The volatile suspented solids (VSS) concentratin was also measured, using the 
same method described in Chapter 5, on a regular basis. Starting 7 days after inoculating 
the sparged-gas reactor, 200 mL of culture liquid was wasted from reactor and 200 mL of 
fresh nutrient solution with the same constituents mentioned above was added into reactor 
at daily intervals. This corresponds to solids residence time (SRT) and hydraulic residence 
time (HRT) of 35 days.  
The toluene utilizing ability of the microbial populations in the sparged-gas reactor 
was evaluated by measuring the oxygen uptake rate (OUR) under endogenous conditions 
and when spiked with toluene following the procedure described in Chapter 5.  The culture 
period in the sparged gas reactor lasted for 21 days. Before inoculation of the biofilter, the 
increase of OUR in the sparged gas reactor after toluene spiking was 164 mg.L-1.hr-1.  
Before inoculation of the biofilters, the final inoculum was obtained by diluting the 
content of the sparged-gas reactor to 12.0 L with fresh prepared nutrient solution described 
above. This resulted in a final volatile suspended solids (VSS) concentration of 3.8 g/L. 
Three biofilters (arbitrarily designated Biofilter 1, Biofilter 2 and Biofilter 3), were then 
inoculated with the mixed liquor suspended solids (MLSS) of the final inoculum.  An 
identical inoculation procedure was used for each of the three biofilters.  The foam packing 
medium for each biofilter section was submerged in 1000 mL of the liquid culture in 
separate beakers where it incubated for 15 min before being transferred into the column 
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sections.  Excess liquid was drained by gravity, and then the columns were sealed. Time 
was measured in days from the start of toluene loading following this inoculation. 
7.2.3 Biofilter Operation 
The three bioiflters were carefully operated under identical loading condition 
during the first 115 days following startup. During this period all three biofilters were 
operated at an empty bed residence time (EBRT) of 60 second, and target influent toluene 
concentration of 100 ppmv. The corresponding toluene loading rate was approximately 
22.56 g·m-3·hr-1. At weekly intervals, nutrients were added to each biofilter column by 
filling with 10 L of nutrient solution and draining by gravity. The nutrient solution 
consisted of the same constitutions described above added to deionized water.  
In order to investigate the relative elimination contribution of fungi and bacteria to 
toluene degradation in biofilters, inhibition tests were conducted. In inhibition test, fungal 
inhibitors were added into Biofilter 1, and bacterial inhibitors were added in Bioiflter 2 at 
the same time. Two kinds of inhibitors, chloramphenicol 20 mg/L and gentamicin sulfate 
50 mg/L, were used as bacteria inhibitors in Biofilter 1. Another two kinds of inhibitors, 
cycloheximide 50 mg/L and nystatin 50 mg/L (Sigma-Aldrich Co., St. Louis, MO), were 
used as fungal inhibitors in Biofilter 2. Concentrated stock solutions of the inhibitors were 
first prepared by dissolving in 5 mL ethanol (for chloramphenicol, cycloheximide, and 
nystatin) or sterilized water (for gentamicin sulfate). Then the inhibitors were diluted to 
their final target concentration by adding them into the nutrient solution right before 
addition into the biofilter. While the antibiotics were added to Biofilter 1 and 2, a normal 
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nutrient solution without antibiotic was added into Biofilter 3, which served as control. The 
inhibitors were added to Biofilter 1 and 2 on two separate occasions, days 78 and 102. 
The two bacterial antibiotics utilized in this study inhibit bacterial growth by 
inhibiting proteins synthesis. Chloramphenicol inhibits peptide bond synthesis by binding 
directly to the active site of the 50S ribosomal subunit (Schmeing et al., 2002). Gentamicin 
sulfate inhibits bacterial protein synthesis by binding to the 30S subunit of the bacterial 
ribosome and thereby inhibiting elongation or by causing mistranslation (Sundin et al., 
2001). 
The two fungal inhibitors utilized in this experiment work via different mechanisms 
to inhibit fungal growth. Cycloheximide inhibits protein synthesis in the cytoplasm by 
inhibiting the peptidyl transferase of the 60S ribosomal subunit (Farber and Farmar, 1973). 
Nystatin works by binding to the main sterol, ergosterol, in the cell membranes of fungi 
and thereby leads to channel formation and cell death (Groll et al., 1999).  
 Elimination capacity was measured in each of the biofilter on five separate 
occasions by means of a shock loading test. The first two times were on days 28 and 70, 
before inhibitors were added, in order to determine base-line performance. The third 
elimination capacity test was conducted on day 78, after the first time inhibitors were 
added. The fourth elimination capacity test was conducted on day 102 after the second 
addition of inhibitor. The fifth elimination capacity test was conducted on day 120. During 
the shock loading tests, toluene target loading rates for all three biofilters were 
successively increased from 22.56 g·m-3·hr-1 to 203.04 g·m-3·hr-1 at increments of 22.56 
g·m-3·hr-1. Each loading rate was maintained for two hours before the next increase. 
 156
Sampling and analysis were conducted one hour after each loading increase. After each 
shock loading test, toluene loading to each biofilter was returned back to the base-line 
loading of 22.56 g·m-3·hr-1. 
7.2.4 Sampling and Analytical Techniques 
7.2.4.1 Gas Phase Toluene Analysis 
Gas samples were collected using glass gas-tight syringes (Hamilton, Baton Rouge, 
LA), and then toluene concentrations were measured using a Hewlett Packard 6890 series 
gas chromatograph equipped with a flame ionization detector (FID). During the first 69 
days, the GC was equipped with a DB-624 Special Analysis Column (Capillary 60 m × 
320 µm × 1.80 µm, Hewlett Packard). The helium carrier gas flow rate was 45 mL/min, 
hydrogen flow rate was 40 mL/min, and airflow rate was 200 mL/min.  The injector and 
detector temperatures were set at 225oC, and the oven temperature was isothermal at 200 
oC.  
Gas samples were introduced by direct injection of 250 µL samples. A four-point 
calibration was performed using nitrogen gas and certified gas standards containing known 
concentrations of toluene (BOC Gases, Port Allen, LA). Retention time for toluene was 
approximately 4.3 minutes. From day 80 to the end of experiment, the GC column was 
changed to GS-GASPRO column (Capillary 60 m × 0.324 mm, J&W Scientific), but other 
GC operational parameters remained the same. Retention time for toluene was approximate 
7.5 min.  
Student’s t-Test was applied for statistical analysis in this study, and associated 
probability, P, is presented.  
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7.2.4.2 Plate Counts 
Plate counts were conducted on three separate occasions, to enumerate cultivable 
populations of bacteria and fungi in the biofilters. Samples for plate count were collected 
on day 75 (one day before the first time inhibitor addition), day 79 (the day after the first 
inhibitor addition), and day 148 (the end of operation). On each day of sampling for plate 
counts, the biofilters were dissembled, and four foam cube samples were taken from the 
top outlet, middle (50 cm from bottom of the inlet), and the bottom inlet of each biofilter. 
The four foam cubes from each section were immediately submerged into 20 mL of 
sterilized nutrient solution, which had the same components and concentration as that used 
for innoculum culturing, in a 50 mL beaker. Working in a Class II Biological Safety 
Cabinet (Fisher Hamilton Inc., Two Rivers, WI), the foam samples in each beaker were 
repeatedly compressed using a sterile porcelain pestle until biomass was visibly observed 
detached from foam surface.  The biomass suspension was then transferred into the cup of 
a 909 series Hamilton Beach blender (Hamilton Beach/Proctor-Silex, Inc. Washington, 
N.C.) where it was blended for 30 seconds. Serial dilution was then carried out using a 
nutrient solution with the same content as in the inoculum culturing solution.  
The composition of the agar culture medium used for bacterial counting was 
DifcoTM Plate Count Agar (Becton, Dickinson and Company, Sparks, MD) amended with 
50 mg/L of cycloheximide and 50 mg/L of nystatin to inhibit fungal growth. The agar 
culture medium used for fungal counting was DifcoTM Rose Bengal Agar (Becton, 
Dickinson and Company, Sparks, MD) amended with 20 mg/L of chloramphenicol and 50 
mg/L of gentamicin sulfate. This method for quantifying bacterial and fungal 
 158
concentrations is similar to that described by Kuske (2003) and Arriaga and Revah (2004).  
All pour plates were incubated at 25oC for 4 days before counting CFUs.  The foam cubes 
from which biomass was removed for plate counts were rinsed using deionized water for 
three times, dried at 103oC, and then weighed.  
7.2.4.3 Microscopy 
Polyurethane foam samples were collected from bottom of all biofilters on day 75 
(three days prior to addition of inhibitors) and day 79 (one day after addition of 
inhibitiors). One foam cube sample was taken from each location each time. Samples 
removed from the biofilters were immediately immersed in fixative consisting of 2.5% 
(v/v) glutaraldehyde (Electron Microscopy Sciences, Fort Washington, PA) in 0.1 M 
cacodylate buffer (Polysciences, Inc., Warrington, PA) with a final pH of 6.7.  Samples 
were fixed for 5-6 hr, rinsed 12- 36 hr in 0.1 M cacodylate buffer, dehydrated in ethanol 
for 12 – 36 hr, and then critical point dried using a Denton DCP-1 (Denton Vacuum, 
Moorestown, NJ).  Cubes were mounted on aluminum specimen mounts, coated with 
gold/palladium in an Edwards S-150 sputter coater, and imaged using a Cambridge S-260 
Stereoscan SEM (Cambridge Instrument, Cambridge, UK). 
7.2.4.4 Biomass Collection for Indentification Using DNA-Based Methods 
Microbial samples from the foam media in Biofilters 1, 2, and 3 were collected 
using the same method described above on days 0, 12, 24, 48, and 74. On each sampling 
date, samples were collected from top, middle, and bottom of each biofilters.  All the 
samples were immediately transferred into sterile 5 mL 1× TE buffer in centrifuge tubes 
and frozen at –80oC. 
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7.3 Results And Discussion  
7.3.1 Performance Before Addition of Inhibitors 
7.3.1.1 Overall Toluene Removal  
Although the loading rates of the three biofilters were varied during the whole 
operational period, which could be caused by uneven evaporation in injection part, flow 
rate variation, or analysis error as discussed in Chapter 3, the patterns of this variation in 
three biofilter were very similar as shown on Figure 7.3, and the average of toluene loading 
rates delivered to these biofilters were close, 22.31 g.m-3.h-1 for Biofilter 1, 22.30 g.m-3.h-1 
for Biofilter 2, and 22.20 g.m-3.h-1 for Biofilter 3.  There was no difference on the loading 
rate patterns between Biofilter 1 and the control biofilter, Biofilter 3 (P = 0.836), and 
between Biofilter 2 and Biofilter 3 (P = 0.829).   
 
 
 
 
 
 
 
Figure 7.3. Loading rate variations in tested biofilters. 
 
 Toluene removal efficiency of the three biofilters during the entire operational 
period is shown on Figure 7.4. Receiving similar toluene loading rates, the three biofilters 
exihibited similar removal performance from day 1 to day 69 (the period before Biofilter 1 
0
5
10
15
20
25
30
35
40
45
0 30 60 90 120 150
Time (day)
Lo
ad
in
g 
ra
te
 (g
/m
3 .h
)
Biofilter 1
Biofilter 2
Biofilter 3
 160
and 2 were inhibited by antibiotics). Toluene removal efficiency started from 26.9 % at day 
1 in Biofilter 1, 36.0% in Biofilter 2, and 21.9% in Biofilter 3. Then, removal efficiencies 
of three biofilters steadily increased in the following three weeks before reached near 
100% removal. From day 21 to day 69, no toluene was detected at the outlet of any of the 
three biofilters. 
  During the period before antibiotic addition, overall toluene removal performance 
of Biofilter 1 was similar to that of Biofilter 3, the control biofilter (P = 0.996), and so was 
Biofilter 2 (P = 0.879), which suggests that all three biofilters, which started at the same 
time using identical inoculum and subsequently were operated using identical loading 
conditions, presented the same overall toluene removal performance before antibiotic 
addition.  
 
 
 
 
 
 
 
Figure 7.4. Toluene removal efficiencies of the three biofilters during “normal” 
loading (EBRT=60 sec). 
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along the height of biofilter. Figure 7.5 shows toluene removal profiles along the height of 
the three biofilters before (day 15 and 66).  
 
 
 
 
 
 
 
Figure 7.5 a. Toluene removal profiles on day 15. 
 
 
 
 
 
 
 
Figure 7.5 b. Toluene removal profiles on day 66. 
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removed by 75 cm in height of each biofilter. Removal efficiencies at outlet of each 
biofilter on the same day were quite similar, ranging from 96.1 to 96.9%. On day 66, four 
days before antibiotic addition, toluene was totally removed in the first 25 cm height of all 
three biofilters. These results indicate that all three parallel operated biofilters presented 
the same toluene treatment performance before bacterial or fungal inhibition.  
7.3.1.3 Maximum Elimination Capacity Test 
Overall removal efficiency could not clearly reveal the difference on capacity 
between tested biofilter receiving low rate of toluene loading after their performance 
became stable. Toluene removal profile also showed the same trend along biofilter bed 
after long time of operation because almost of toluene was removed in the section near 
inlet when low loading rate of toluene was delivered.  Maximum elimination capacity 
could reflect the toluene removal ability of biofilter regardless of the affect of loading rate. 
Therefore, examining maximum elimination capacity could distinguish the difference of 
treatment ability among the tested biofilter after bacterial and fungal inhibition. Figure 7.6 
and 7.7 show maximum elimination capacity date measured before antibiotic addition (data 
from days 28 to 30, and data from days 70 to 72, respectively). 
Figure 7.6 shows the curves of increasing loading and correspondent elimination 
capacity for each biofilter based on the data obtained four weeks after biofilter startup. The 
elimination capacity (EC) vs. loading rate (LR) curve of the three biofilters were very 
close. This indicates that all three biofilters had similar toluene elimination capacity and 
degradation ability under the operational conditions before bacterial and fungal inhibition 
were added. There was no significant difference on either loading rate increase (P = 0.886 
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between Biofilter 1 and 3, P = 0.992 between Biofilter 2 and 3) and correspondent 
elimination capacity (P = 0.898 between Biofilter 1 and 3, P = 0.876 between Biofilter 2 
and 3). The maximum elimination capacity of all three biofilter located appropriately at 
150 g.m-3.h-1, however, the elimination capacity curve did not become completely flat at 
the maximum loading rate tested. Thus, it is possible (perhaps likely) that even higher 
elimination capacity may have been observed if higher loading rates had been tested. 
 
 
 
 
 
 
 
 
 
 
Figure 7.6 LR vs. EC before antibiotics addition (data collected on days 28 to 30). 
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Figure 7.7  LR vs. EC before antibiotics addition (data collected on days 70 to 72). 
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are shown on Figure 7.8. 
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Figure 7.8 a. Bacterial CFUs per unit mass dry foam in biofilters before inhibition 
(data from samples collected on day 75). 
 
 
 
 
 
 
 
 
Figure 7.8 b. Fungal CFUs per unit mass dry foam in biofilters before inhibition (data 
from samples collected on day 75). 
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biofilters were also very similar at top (108 CFU/g foam medium), middle (109 CFU/g foam 
medium), and bottom (near 1010 CFU/g foam medium) of each biofilter. These plate count results 
indicate that the three parallel biofilters imbued almost the same amount of bacteria and 
fungi which is consistent with the observation that all three biofilters exhibited very similar 
toluene removal performance during both “normal” loading and during elimination 
capacity tests. The distribution of bacteria along the height of biofilter was different to that 
of fungi. The bottom of biofilter accumulated large number of bacteria, and the number 
decreased along the increase of biofilter height. On the contrary, fungal distribution along 
the height of biofilter before inhibition was much uniform. Through bottom part still 
containing highest CFU, the difference between the density at middle and top were small.  
7.3.1.5 Microscopy Data 
 Scanning electron microscopy (SEM) images on the foam samples collected from 
the bottom (inlet section) of each biofilter on day 75 before addition of inhibitors are 
shown on Figure 7.9. Large amount of fungal hyphae, spores, and buds were found present 
attached to the polyurethane foam packing medium. Associating with fungal hyphae, many 
small rod shaped bacteria resided on the fungal hyphae. Visually observation of SEM 
images revealed that the density of bacteria on the surface of medium in Biofilter 1 and 3 
appeared to be relatively similar, while the bacteria concentration on the packing medium 
in Biofilter 2 appeared to be somewhat lower. Because of the limited field of view of 
images, the limited number of images obtained, and the potential for heterogeneity 
between foam cubes, it is not clear for these image whether there really were differences in 
relative concentration of bacteria between the biofilters. 
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Figure 7.9 a. Scanning electron micrograph of organism colonization in Biofilter 1 on 
day 75 (before addition of inhibitors). 
 
 
 
 
 
 
 
Figure 7.9 b. Scanning electron micrograph of organism colonization in Biofilter 2 on 
day 75 (before addition of inhibitors). 
 
 
 
 
 
 
 
Figure 7.9 c. Scanning electron micrograph of organism colonization in Biofilter 3 on 
day 75 (before addition of inhibitors). 
 168
7.3.2 Performance After Addition of Inhibitors 
7.3.2.1 Overall Toluene Removal 
On day 70, antibiotics were added into Biofilters 1 and 2 so that the growth of 
bacteria and fungi, respectively, were inhibited in these biofilters. Following the inhibition, 
from day 78 to day 80, toluene elimination capacities of the three biofilters were assessed 
in order to examine the effects of inhibition on treatment capacity, Toluene removal 
efficiencies in all three biofilters during “normal loading” conditions were not measured 
from day 81 to 92, toluene removal in all three biofilters was found to be equal to 100%.  
In order to clarify the responses of overall toluene removal performance to the different 
inhibitors, antibiotics test were carried out again on Biofilter 1 and 2 on day 100, and 
overall toluene removal efficiencies of all three biofilters were then daily monitored after 
maximum toluene elimination capacity test carried out between day 100 and 102. As 
shown in Figure 7.4, 12 hours after receiving an gradually increased loading rate up to 
203.4 g.m-3.h-1 and then turned back to 22.6 g.m-3.h-1, overall toluene removal efficiencies 
of the three biofilters were 97.8% for Biofilter 1, 89.5% for Biofilter 2, and 98.6% for 
Biofilter 3 on day 103. By day 107, toluene removal efficiency of Biofilter 2 was just 
resumed back to 91.3% while Biofilter 1 and Biofilter 3, had recovered back to the level of 
total removal. Toluene removal efficiency of Biofilter 2 reached over 99% on day 109, two 
days later than Biofilters 1 and 3.  
From day 120 to day 122, another maximum removal capacity test was carried out 
so that toluene removal performance of the biofilters could be further examined. Overall 
toluene removal of the three biofilters was also monitored in the days following the EC test 
 169
during which all three biofilters were operated with “normal” loading (100 ppmv toluene 
influent). On day 123, toluene removal efficiencies measured at 12 hours after the end of 
the EC tests were 97.8% for Biofilter 1, and 97.6% for Biofilter 3. Toluene removal 
efficiencies of Biofilter 1 and 3 were then reached over 99% after 3 days. Different from 
Biofilter 1 and 3, toluene removal efficiency of Biofilter 2 was 90.6% at 12 hours after the 
test, and reached over 99% three days later. All biofilters remained near 100% toluene 
removal in the rest time of operation.      
Toluene removal performance after maximum removal capacity test revealed the 
reacclimation ability of a biofilter after receiving shock loading. The difference in toluene 
removal efficiency of the three biofilters showed that Biofilter 1 presented a similar 
performance as control biofilter, Biofilter 3, which did not receive any inhibitors. This 
indicated the reacclimation ability of biofilter was not affected by the inhibition of 
bacterial activity, which was proved to be a fungal dominated biofilter as discussed below. 
On the contrary, reacclimation of Biofilter 2 developed more slowly than the control 
biofilter after inhibition. This suggests that reacclimation ability was reduced when fungi 
present in the biofilter were inhibited.  This also suggests that fungi in biofilter might have 
stronger ability to handle the affects of high level shock loading. Although reacclimation 
of Bioiflter 2 showed a little improvement after second time maximum removal capacity 
test, it still developed slower than the control biofilter. This result is consistent with that 
discussed in Chapter 4, which showed that fungal inoculated biofilter needed shorter 
reacclimation time. Moreover, these results also suggested that fungi were a more 
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important group of organism than bacteria for toluene degradation in biofilter in term of 
shock loading handling. 
7.3.2.2 Toluene Removal Profile in Biofilter 
Figure 7.10 shows toluene removal profiles along the height of the biofilters after 
antibiotic addition and shock loading (data from day 109). On day 109, toluene removal 
ability for three biofilters had recovered from shock loading delivered during maximum 
elimination capacity test. Overall toluene removal efficiencies reached near 100%. 
However, toluene removal along the height of the biofilter bed was different. About 75% 
of toluene in Biofilter 1 and 70% of toluene in Biofilter 3 were removed in the first 25 cm 
of packed bed, while only 42% was removed in the same height in Biofilter 2. In the first 
75 cm of biofilter bed, 90% of toluene was removed within this height in Biofilter 2 while 
over 99% of toluene was removed in Biofilter 1, and 97% of toluene was eliminated in 
Biofilter 3. Toluene elimination ability of fungi inhibited biofilter showed near 40% lower 
than control biofilter in the first 25 cm of biofilter bed, which suggests that fungi were 
major toluene degrader comparing to bacteria in this section of biofilter bed. As reported in 
previous chapters and other published report (Webster et al., 1998; Kazenski and Kinney, 
2000; Park et al., 2002; Song et al., 2002; Moe and Irvine, 2000, 2001), highest VOC 
removal rate occurred in the part of biofilter bed nearest to the inlet. The VOC elimination 
capacity of sections of biofilter beds closest to the inlet normally increased along with the 
time of operation.  
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Figure 7.10 Toluene removal profiles on day 109. 
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Figure 7.11 a.  LR vs. EC after the first time antibiotics were added (data collected on 
days 78 to 80). 
 
These results indicated that elimination capacity decrease was caused by the fungi 
inhibition, and inhibition of bacteria did not influence toluene elimination capacity. This, 
in turn, suggests that fungi played a more important role in the toluene degradation process 
than did bacteria. Around 60% decrease of toluene elimination capacity occurred after 
inhibition means at least 60 % of elimination capacity was contributed from fungal 
degradation activity.  
In order to verify the previous result, the second time of antibiotic addition was 
carried out on day 101, and maximum elimination capacity was also tested following the 
inhibition. Result of correlation between loading rate and elimination capacity obtained 
from this time of test is presented in Figure 7.11 b.  EC vs. LR curves of Biofilter 1 and 3 
were still very similar. 
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Figure 7.11 b.  LR vs. EC after the 2nd time of antibiotics addition (data collected on 
days 102 to 104). 
 
There was no significant difference on measured inlet loading rates and 
corresponding elimination capacities between Biofilter 1 and Biofilter 3 (P = 0.972 for 
loading rates, P = 0.926 for elimination capacities). These results are consistent with 
results obtained in the maximum elimination capacity test after the first times of antibiotic 
addition. Maximum elimination capacity of Biofilter 1 and 3 were close to the value of 150 
g.m-3.h-1. Although higher than that observed in the EC test conducted following the first 
addition of inhibiters, the maximum elimination capacities measured on days 120 - 122 
were close to those measured before inhibition for both biofilters. These results once more 
demonstrated that the bacterial inhibited biofilter (Biofilter 1) provided similar toluene 
removal capacity as the biofilter without any inhibition.  
There was no significant difference on the loading rates delivered to Biofilter 2 and 
control biofilter, Biofilter 3 (P = 0.994). However, corresponding elimination capacity 
presented different trends. The probability of similarity of these two trends was P = 0.122. 
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Although it could not statistically determine if the difference is significant between the two 
trends, this difference is obviously comparing to loading rates. The maximum elimination 
capacity of Biofilter 2 was near 88 g.m-3.h-1, which was 40% lower than that of Biofilter 3, 
but 10% increase in ratio of maximum elimination capacities between Biofilter 2 and 3 
comparing the first time of inhibition, suggesting the possible improving of bacterial 
degradation ability or the fungal resistant to antibiotics. Nevertheless, results obtained via 
second inhibition suggested that fungi had more toluene elimination capacity than bacteria 
in biofilter. 
 Maximum elimination capacities were measured again started on day 120 in order 
to examine the difference on toluene removal in fungal and bacterial inhibited biofilters a 
period of time after inhibition. Results are shown on Figure 7.11 c. Similar to previous 
results, both loading rate and elimination capacity trends in Biofilter 1 and 3 were very 
close. There was no significant difference between these two trends, P = 0.999 for loading 
rates and P = 0.933 for elimination capacities. The maximum elimination capacity of 
Biofilter 1 was near 162 g.m-3.h-1, and that for Biofilter 3 was around 158 g.m-3.h-1 
indicating that both Biofilter 1 and 3 had been keeping similar toluene elimination ability 
even three weeks after inhibition. There was no significant difference between loading 
rates delivered to Biofilter 2 and 3 (P = 0.981), however, obvious difference between 
elimination capacities of Biofilter 2 and 3 could still be found. The maximum elimination 
capacity of Biofilter 2 was around 110 g.m-3.h-1, 30% lower than that of control biofilter, 
which suggested that inhibition of fungal activity would cause a long-term damage to 
toluene elimination capacity, and the recovery would be slow process.   
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Figure 7.11 c.  LR vs. EC after the 2nd time of antibiotics addition (data collected on 
days 120 to 122).  
 
7.3.2.4 Cell Density Data 
Fungal and bacteria CFU concentrations measured in samples collected from the 
top, middle, and bottom sections of the three biofilters on day 79 after the first time of 
antibiotic inhibition are shown on Figure 7.12. 
 
 
 
 
 
 
 
Figure 7.12 a. Bacterial CFU on unit dry foam in biofilters after inhibition (data from 
samples collected on day 79). 
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Figure 7.12 b. Fungal CFU on unit dry foam in biofilters after inhibition (data from 
samples collected on day 79). 
 
After antibiotic inhibition, bacteria CFU concentrations measured in control 
biofilter (Biofilter 3) and fungi inhibited biofilter (Biofilter 2) were a little lower than that 
before inhibition. This might be caused by error occurred during plate counting, however, 
they were very close at each sampling location (P = 0.920). Bacterial cell density in 
Biofilter 1, in which bacteria were inhibited, were decreased by 93% at the bottom, around 
60% at the middle and the top of biofilter. Fungal cell density in Biofilter 3 (control) and 
Biofilter 1 (bacteria inhibited) were still close each other and also to the number measured 
before inhibition (P = 0.878). On the contrary, fungal cell densities in Biofilter 2 (fungi 
inhibited) were much lower than that in control biofilter after inhibition of fungi. Over 
70% of decrease in fungal CFU was found at the bottom, and over 90% decrease was 
measured at the middle and the top of Biofilter 2. These results indicated antibiotics 
selected for this study did, in fact, inhibit the activity of the major portion of bacteria and 
fungi.  
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By the end of operation, day 148, bacterial and fungal densities at top, middle, and 
bottom of all three biofilters increased around one order of magnitude compared to data 
collected after the first time of inhibition and shock loading (Figure 7.13). However, the 
bacterial CFU concentrations in Biofilter 1 and 2 became close. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.13 Bacterial and fungal CFU on unit dry foam in biofilters after inhibition 
(data from samples collected on day 148). 
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Morphological difference among fungal and bacterial colonies could easily 
observed through the culture plates. After culturing for 4 days, four kinds of macro-
morphological different fungal colonies were found at top, middle and bottom of the three 
biofilters. The first kind of fungus was white cotton like round colony with approximate 
diameter of 1 to 1.5 cm. The second kind of fungus possessed round shape with light green 
color, and the size of it was around 3 mm. The third kind of fungus was about 3 mm round 
shape colony with gray color. The fourth kind of fungus had dark green color and about 2 
mm round shape.  
Macro-morphology of bacterial colonies were more various than that of fungi. All 
different types of morphology were observed on colonies isolated from top, middle and 
bottom of the three biofilters. Almost all bacterial colonies were 2 to 3 mm diameter round 
shape except that one kind of colony has a 3 mm shuttle shape with white color. There 
were six different colors of colony were observed. Many of bacteria were white color with 
about 3 mm round shape. The second kind of bacterial colony was cream color. The third 
kind of bacterial colony was light yellow. The fourth kind of colony was dark yellow color. 
The fifth kind of colony had pink color. The sixth kind of colony was transparent with light 
white color. 
7.3.2.5 Microscopy Data 
The microorganism colonization on foam sample collected from the bottom of 
Biofilter 1, 2, and 3 on day 79 after shock loading test followed the first time of inhibition 
are shown in Figure 7.14 a, b, and c. In Biofilter 1, fungal filamentary, and spores are still 
found on the surface of foam medium with large amount, however, few of bacterial rods 
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presents on surfaces of fungal hyphae and spores. This suggests that Biofilter 1 may be 
dominated by fungi during shock loading test after inhibition. Different to Biofilter 1, 
bacteria are found covering the surface of fungi so that the fungal hyphae could not be 
found, suggesting that a blooming growth of bacteria occurred, and bacteria became 
dominant in Biofilter 2 during shock loading period following the inhibition. There is no 
obviously change of the colonization on the samples from Biofilter 3 before and after 
shock loading test. These SEM results are consistent with the CFU concentrations, further 
suggesting that antibiotic successfully inhibited the growth of major population of fungi or 
bacteria. 
 
 
 
 
 
 
 
 
Figure 7.14 a. Scanning electron micrograph of organism colonization in Biofilter 1 
after inhibition. 
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Figure 7.14 b. Scanning electron micrograph of organism colonization in Biofilter 2 
after inhibition. 
 
 
 
 
 
 
 
Figure 7.14 c. Scanning electron micrograph of organism colonization in Biofilter 3 
after inhibition. 
 
 Although results of this study indicated fungi in biofilter may play more important 
role in toluene degradation, nearly 50% of the highest elimination capacity was still 
observed in fungal inhibited biofilter (Biofilter 2). This suggests that bacteria present in 
Biofilter 2 might provide a certain toluene removal capacity. It is also possible that the 
addition of fungal inhibitors did not entirely stop fungal biodegradation activity. Because 
of diffusion limitations, the inhibitors may have affected only microorganisms on or near 
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the surface of the biofilm growing attached to packing medium. Without fully penetrating 
to inner portions of the biofilm, the dose of inhibitors penetrating to deeper portions of the 
biofilm may have been insufficient for fungal activity inhibition. Additionally several 
fungal species were reported to be cycloheximide-resistant. For instance, airborne fungi 
Penicillium digitatum and Aspergillus candidus were both shown to be resistant to 
cycloheximide (Ali-Shtayeh et al., 1998; Nakaune et al, 1998). Thus, it is possible that 
some species of fungi present in boifilter may resistant to added inhibitors. Additionally 
the concentration of inhibitors was diluted over time by the subsequent weekly nutrient 
additions. Thus, It is also possible that there was subsequent re-growth of fungi in the 
biofilter. Some bacteria produce enzymes that are capable of chemically modifying or 
destroying antibiotics. Likewise, bacterial resistance may also develop over time while 
antibiotics are applied. For instance, chloramphenical may be acetylated by the action of 
chloramphenical acetyltransferases (Martínez-Suárez et al., 1985). It might be possible that 
inhibitors added in Biofilter 1 just partially impressed toluene degradation activity of the 
bacteria presented on foam medium. Thus, the relative contribution of bacteria to toluene 
degradation might not be fully revealed. Consequently, further research, such as 
degradation rate tests utilizing pure cultures isolated from biofilters, is necessary to draw 
unequivocal conclusions regarding the relative contribution of fungi and bacteria to toluene 
degradation.   
7.4 Conclusions 
 In the biofilter inoculated with mix culture, fungi played an important role in the 
toluene removal process. Comparing to bacteria, fungi was the major group of toluene 
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degrader, and provided much higher relative contribution to overall toluene removal 
capacity. Inhibition to the growth or activity of fungi population would cause a decline of 
maximum toluene elimination capacity. On the contrary, bacteria had relative small 
contribution to overall toluene removal capacity in biofilter, and inhibition to bacterial 
growth did not affect the elimination capacity of biofilter. However, these conclusions 
need to be strengthened by further study on degradation ability tests utilizing the pure 
culture of both groups of microorganism isolated from the biofilters. Antibiotic inhibition 
may encourage mix culture inoculated biofilter developing to be fungal or bacterial 
dominated biofilter. Fungal dominated biofilter provided promising toluene treatment 
performance during shock loading, with higher maximum elimination capacity than that of 
bacteria dominated biofilter. Toluene treatment performance of fungal dominated biofilter 
could be easily recovered from high level shock loading with short reacclimation period, 
while bacteria dominated biofilter would need longer time.  
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CHAPTER 8. OVERALL CONCLUSIONS AND RECOMMEMDATIONS FOR 
FUTURE RESEARCH  
 
Application of biofiltration for treatment of VOC mixtures, especially the 
utilization of fungi in biofilters degrading VOCs mixtures representative of emissions from 
traditional and reformulated paint manufacture and paint application facilities, was 
conducted in this study. In the initial stage of research, VOC degradation abilities of five 
species of fungi were characterized. Fungal species proved capable to utilizing a wide 
range of VOCs as sole carbon and energy source. For example, Exophiala lecanii-corni 
and Cladosporium sphaerospermum degraded all of the compounds tested including n-
butyl acetate, ethyl-3-ethoxypropionate, methyl ethyl ketone, methyl propyl ketone, methyl 
isobutyl ketone, benzene, toluene, ethylbenzene, styrene and p-xylene. Further studies may 
be needed to determine the ability of these fungi to degrade additional VOCs and mixtures 
of VOCs, and additional studies are interesting to quantify the VOC degradation rate of 
Exophiala lecanii-corni and Cladosporium sphaerospermum.  
Based on the results of the initial screening study, Cladosporium sphaerospermum 
was selected as the inoculum for testing VOC mixture treatment fungal biofilter. Transient 
responses of this fungal predominated biofilter to intermittent loading conditions were also 
investigated. Results demonstrate that fungal biofilters can be successfully employed to 
biodegrade mixtures of n-butyl acetate, methyl ethyl ketone, methyl propyl ketone, and 
toluene from waste gas streams representative of paint spray booth off-gases.  
Experimental results demonstrated that moisture content is important operational 
parameter for fungal biofilters. The biofilter exhibited stable long-term performance with 
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an average total VOC removal greater than 98% even when operated with an EBRT as low 
as 15 seconds and a loading rate of 94 g·m-3·h-1 when the influent gas stream was properly 
humidified. Among the tested VOCs, n-butyl acetate was most readily degraded, followed 
by methyl ethyl ketone, methyl propyl ketone, and then toluene. Several additional species 
of airborne fungi including those tentatively identified on the basis of DNA sequencing as 
Penicillium brevicompactum, Exophiala jenselmei, Fusarium oxysporum, Fusarium 
nygamai, Talaromyces flavus, and Fonsecaea pedrosi were found growing attached to the 
packing medium by the end of experiment.  Growth of diverse fungal species may help to 
develop a stable and efficient microbial population capable of achieving high VOC 
removal rates in biofilters.  
Fungal biofilters can be successfully operated when contaminants are generated 
during only a fraction of each work day. The system exhibited stable long-term 
performance with high average total VOC removal of 98%. Experimental results also 
demonstrated that fungal biofilters can also be used effectively to treat discontinuously 
generated solvent mixtures emitted from paint spray booths with weekend shutdowns. The 
weekend shutdown intervals had no noticeable adverse affect on removal of n-butyl acetate 
while removal of methyl ethyl ketone and methyl propyl ketone was adversely impacted 
for a few hours, and toluene removal was adversely impacted for a few days. The fungal 
biofilter required a longer time interval to recover its high removal efficiency following 
long-term (9-day) shutdown, and complete recovery took only a few days, demonstrating 
that the system was robust in its capacity to recover following long-term periods of no 
VOC loading. 
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Biofilters inoculated with an undefined mixed culture derived from compost that 
were operated at neutral pH were used to demonstrate the ability of treating synthetic gas 
stream representative of emissions from reformulated paints.  Results indicate that VOC 
emitted from reformulated paints can be treated effectively using biofilters even in cases 
with intermittent operation. With use of an acclimated enrichment culture, high removal 
efficiency was achieved more quickly in the continuously loaded system. The acclimation 
time required to reach high removal efficiencies for aromatic hydrocarbons was 
considerably longer than for ketones. Scanning electron microscopy and plate count data 
revealed that the biofilters inoculated with neutral pH enrichment culture and operated at 
neutral pH were populated by large numbers of fungi as well as bacteria. Enriching 
inoculums at low pH and operating biofilters at low pH also proved to be a feasible 
approach to build up fungal population. The low pH biofilters successfully treated a 
synthetic VOC mixture intended to represent emissions from manufacture of reformulated 
paint under both continuous and intermittent loading conditions. Performance of the low 
pH biofilter receiving intermittent loading developed slower during the startup period 
compared with the neutral pH biofilter receiving continuous loading. The biofilters 
operated at pH of 3 required a longer startup than did biofilters operated at pH of 7.  
Study of toluene removal in biofilters inoculated with an undefined mixed culture 
indicates that fungi played an important role in toluene removal process. Compared to 
bacteria, fungi provided higher relative contribution to overall toluene removal capacity 
during elimination capacity tests. Inhibition to the growth or activity of fungi population 
caused a decline of maximum toluene elimination capacity. Toluene treatment 
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performance of bacterial inhibited biofilter could be easily recovered from high level shock 
loading with short reacclimation period, while fungal inhibited biofilter required longer 
time. Further study on community structure and degradation ability is necessary to achieve 
a better understanding of fungal and bacterial functions in biofilter.  
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Figure A.1 VOC removal efficiency pattern during 8 hr loading period in Biofilter 2. 
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Figure A.2 VOC breakthrough curve during abiotic sorption. 
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Figure A.3 Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.4 Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 after one month of operation. 
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Figure A.5 Scanning electron micrograph of microorganism colonization at the top of 
Biofilter 3 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.6 Scanning electron micrograph of microorganism colonization at the top of 
Biofilter 1 after one month of operation. 
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Figure A.7 Scanning electron micrograph of microorganism colonization at the top of 
Biofilter 1 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.8 Scanning electron micrograph of microorganism colonization at the top of 
Biofilter 1 by the end of operation. 
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Figure A.9 Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.10 Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 after one month of operation. 
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Figure A.11 Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 at the end of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.12 Scanning electron micrograph of microorganism colonization at the 
bottom of Biofilter 2 at the end of operation. 
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Figure A.13 Scanning electron micrograph of microorganism colonization at the top 
of Biofilter 2 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.14 Scanning electron micrograph of microorganism colonization at the top 
of Biofilter 2 after one month of operation. 
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Figure A.15 Scanning electron micrograph of microorganism colonization at the top 
of Biofilter 2 by the end of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.16 Scanning electron micrograph of microorganism colonization at the top 
of Biofilter 2 by the end of operation. 
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Figure A.17 Scanning electron micrograph of microorganism colonization at the top 
of Biofilter 2 by the end of operation. 
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Appendix Figure B.1 Scanning electron micrograph of microorganism colonization at 
the bottom of Biofilter 1 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure B.2 Scanning electron micrograph of microorganism colonization at 
the bottom of Biofilter 1 by the end of operation. 
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Appendix Figure B.3 Scanning electron micrograph of microorganism colonization at 
the bottom of Biofilter 1 by the end of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure B.4 Scanning electron micrograph of microorganism colonization at 
the bottom of Biofilter 1 by the end of operation. 
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Appendix Figure B.5 Scanning electron micrograph of microorganism colonization at 
the top of Biofilter 1 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure B.6 Scanning electron micrograph of microorganism colonization at 
the top of Biofilter 1 after one month of operation. 
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Appendix Figure B.7 Scanning electron micrograph of microorganism colonization at 
the top of Biofilter 1 after one month of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure B.8 Scanning electron micrograph of microorganism colonization at 
the top of Biofilter 1 by the end of operation. 
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Appendix Figure B.9 Scanning electron micrograph of microorganism colonization at 
the top of Biofilter 1 by the end of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure B.10 Scanning electron micrograph of microorganism colonization 
at the top of Biofilter 1 by the end of operation. 
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Figure C.1 Toluene removal profile on day 3. 
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Figure C.2 Toluene removal profile on day 9. 
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Figure C.3 Toluene removal profile on day 24. 
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Figure C.4 Toluene removal profile on day 39. 
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Figure C.5 Toluene removal profile on day 54. 
 
 
0
0.2
0.4
0.6
0.8
1
0 20 40 60 80 100
Height of biofilter (cm)
C
/C
o
Biofilter 1
Biofilter 2
Biofilter 3
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.6 Toluene removal profile on day 127. 
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Figure C.7 Toluene removal profile on day 142. 
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Figure C.8 Scanning electron micrograph of organism colonization in Biofilter 1 
before inhibition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure C.9 Scanning electron micrograph of organism colonization in Biofilter 1 
before inhibition. 
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Figure C.10 Scanning electron micrograph of organism colonization in Biofilter 2 
before inhibition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.11 Scanning electron micrograph of organism colonization in Biofilter 2 
before inhibition. 
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Figure C.12 Scanning electron micrograph of organism colonization in Biofilter 3 
before inhibition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.13 Scanning electron micrograph of organism colonization in Biofilter 3 
before inhibition. 
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Figure C.14 Scanning electron micrograph of organism colonization in Biofilter 1 
after inhibition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.14 Scanning electron micrograph of organism colonization in Biofilter 2 
after inhibition. 
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Figure C.15 Scanning electron micrograph of organism colonization in Biofilter 3 
after inhibition. 
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Paint: Complex Mixtures, Intermittent Operation, and Startup. J. Air & Waste Manage. 
Assoc., In print.  
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complete thesis.  Should your thesis be published commercially, please reapply for 
permission. 
 
 
Yours sincerely 
 
Helen Gainford 
 
 
 
 212
From: Andy Knopes <aknopes@awma.org> on 03/03/2005 04:22 PM EST 
Sent by: Andy Knopes <aknopes@awma.org> 
To: "'bqi1@lsu.edu'" <bqi1@lsu.edu> 
cc: Lisa Bucher <lbucher@awma.org> 
Subject: Permission Request 
Dear Bing Qi: 
Thank you for contacting the Journal. Please consider this email as permission to reprint your 
upcoming Journal article (in whole or in part) in your dissertation. 
Please feel free to contact me directly if you need any further assistance. 
Sincerely, 
 
Andy Knopes 
 
Editor 
Journal of the Air & Waste Management Association 
phone: 412/232-3444, ext. 3122 
email: aknopes@awma.org 
www.awma.org/journal/ 
 
-----Original Message----- 
From: Bing Qi [mailto:bqi1@lsu.edu] 
Sent: Thursday, March 03, 2005 3:47 PM 
To: lbucher@awma.org 
Subject: Request for permission of reprint for dissertation 
Dear Ms. Lisa Bucher, 
I am a graduate student in the Department of Civil and Environmental Engineering at Louisiana 
State University. I am writing to apply for the permission to reprint part of the materials and 
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Thank you for your e-mail of March 3, 2005. 
We are pleased to grant you the permission requested, provided 
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in which the material was originally published.  
With kind regards, 
Rosita Sturm (Ms.) 
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